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Abstract 
The production of excess sludge in biological wastewater treatment processes has been a serious 
issue for the operation of wastewater treatment plants (WWTPs) on both economic and 
environmental sides. To reduce the volume of sludge to be disposed of, the sludge dewaterability 
needs to be improved through conditioning processes. Many conditioning methods have been 
developed and applied for this purpose. Among them, the advanced oxidization process is a 
promising technique due to its high efficiency, and economical and environmental advantages. The 
aim of this thesis is to apply a series of novel advanced oxidization techniques on sludge 
conditioning process for the improvement of sludge dewaterability, such as the indigenous iron 
activated peroxidation and zero-valent iron (ZVI)/hydrogen peroxide, zero-valent iron/persulfate. 
Also, the role of extracellular polymeric substances (EPS) during the advanced oxidization process 
was also investigated to expand the knowledge of basic mechanism on the sludge dewaterability. 
Capillary suction time stands for the time needed for completing the filtration of sludge, is used as 
quantitative indexes for the evaluation of the sludge dewaterability. 
The indigenous iron was firstly utilized as the substitute for externally supplied iron salt to improve 
dewaterability of waste activated sludge through catalysing the hydrogen peroxide. Significant 
improvement in sludge dewaterability was attained after the addition of hydrogen peroxide at 30 
mg/g total solid (TS) and 28 mg/g TS under acidic conditions (pH = 3.0), with the highest reduction 
of capillary suction time being 68% and 56%, respectively, for sludge containing an iron 
concentration of 56 mg Fe/g TS and 25 mg Fe/g TS, respectively. The observations were due to 
Fenton reactions between the iron contained in sludge (indigenous iron) and hydrogen peroxide. For 
the sludge with an insufficient level of indigenous iron, the addition of iron salt was found to be able 
to improve the sludge dewaterability.  
To expand the understanding of the indigenous iron activated advanced oxidization process, the 
effect of indigenous iron activated peroxidation on methane production from waste activated sludge 
was also investigated. Pre-treatment of waste activated sludge for 30 min at 50 mg H2O2/g TS and 
pH 2.0 (iron concentration in sludge was 7 mg/g TS) substantially enhanced waste activated sludge 
solubilization. Biochemical methane potential tests demonstrated that methane production was 
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improved by 10% at a digestion time of 16 d after incorporating the indigenous iron activated 
peroxidation pre-treatment. 
The combined conditioning process with zero-valent iron and hydrogen peroxide was applied to 
improve dewaterability of a full-scale waste activated sludge. The combination of ZVI and hydrogen 
peroxide at pH 2.0 substantially improved the waste activated sludge dewaterability due to Fenton-
like reactions. The highest improvement in waste activated sludge’s dewaterability was attained at 
500 mg ZVI/L and 250 mg hydrogen peroxide/L, when the capillary suction time of the waste 
activated sludge (WAS) was reduced by approximately 50%. Particle size distribution indicated that 
the sludge flocs were decomposed after conditioning. Economic analysis showed that combined 
conditioning with zero-valent iron and hydrogen peroxide was a more economically favorable 
method for improving WAS dewaterability than the classical Fenton reactions. However, no obvious 
enhancement of methane production from waste activated sludge was attained after the zero-valent 
iron/hydrogen peroxide pre-treatment. 
EPS is believed to influence the sludge dewaterability largely due to its binding ability with water 
molecules. Through the conditioning using Fenton’s reagent (Fe(II) + H2O2), the EPS structure 
changed, which resulted in the improvement of sludge dewaterability. It is still unclear about the 
correlation between EPS structure/property changes and improved dewaterability although several 
mechanisms have been proposed to date. The characteristics of both extracted EPS (primarily 
loosely-bound EPS) from waste activated sludge and the sludge itself before and after the treatment 
with the Fe(II) activated peroxidation process, i.e. Fenton’s conditioning was investigated. It was 
found that the decrease of protein and polysaccharide from extracted EPS after Fenton’s conditioning 
was less than the increase of soluble protein and polysaccharide from treated sludge, which was 
accompanied with the increase of dewaterability. The increased dewaterability was thus likely 
achieved through the destruction of both EPS (including loosely-bound and tightly-bound EPS) and 
cells by Fenton’s conditioning. The results also suggested that other mechanisms such as flocculation 
and oxidization of floc particles played a secondary role. 
A novel conditioning method for improving waste activated sludge dewaterability by combination of 
persulfate and ZVI was used. The combination of ZVI (0-30g/L) and persulfate (0-6g/L) under 
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neutral pH substantially enhanced the sludge dewaterability due to the advanced oxidization 
reactions. The highest enhancement of sludge dewaterability was achieved at 4g persulfate/L and 15g 
ZVI/L, with which the capillary suction time was reduced by over 50%. The release of soluble 
chemical oxygen demand during the conditioning process implied the decomposition of sludge 
structure and microorganisms, which facilitated the improvement of dewaterability due to the release 
of bound water that was included in sludge structure and microorganism. Economic analysis showed 
that the proposed conditioning process with persulfate and ZVI is more economically favorable for 
improving WAS dewaterability than classical Fenton reagent.  
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Chapter 1 Introduction 
1.1 Background 
As an effective method, the activated sludge process has been applied to wastewater treatment for 
over a century. One well-known problem for the process is the high cost associated with the 
treatment and disposal of waste activated sludge (WAS) produced during the treatment process. 
Sludge treatment and disposal may account for up to 60% of the total operational costs in a 
wastewater treatment plant (WWTP)(Canales et al., 1994). 
The sludge treatment process usually consists of five steps: thickening, stabilization, conditioning, 
dewatering, and disposal/reuse. Among them, the dewatering process reduces the sludge volume by 
separating water from sludge solids. The water in WAS could be classified as free water and bound 
water(Katsiris & Kouzeli-Katsiri, 1987). The former combines with the sludge loosely and could be 
easily removed with the mechanical dewatering methods. In contrast, the bound water is hard to be 
removed mechanically because it combines with the sludge structure by capillary forces or chemical 
bonds. To increase the WAS dewaterability, sludge conditioning is used widely as a pre-treatment.  
Advanced oxidization methods such as classical Fenton reaction could be applied on sludge 
conditioning process (Lu et al., 2003; Neyens et al., 2003b). The hydroxyl radicals produced by 
Fenton reaction are highly oxidative, and could change the structure of sludge, thus improving the 
sludge dewaterablity. 
Besides the classical Fenton reaction, there are also some alternative advanced oxidization processes 
following different pathways, including the Fe(III)/ hydrogen peroxide, Fe(II)/persulfate, zero-valent 
iron/hydrogen peroxide, zero-valent iron/persulfate and so on(Kallel et al., 2009; Le et al., 2011; 
Zhen et al., 2012c). In these reactions, different kinds of catalyst other than Fe(II) were applied; and 
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in some persulfate involved reactions, sulfate radicals rather than hydroxyl radicals were produced. 
These alternative processes were found more economical or with higher oxidization potential(Liu et 
al., 2011b; Zhen et al., 2012a). However, many of these alternative processes are never applied on 
sludge conditioning before, and their effects are unknown. 
In activated sludge, extracellular polymeric substances (EPS) were secreted by bacteria to protect the 
biomass from the external environment. EPS could be further divided into tightly bound EPS and 
loosely bound EPS according to its combination strength with the cells. As the most abundant 
components, EPS normally accounts for 80% of the total mass(Tian et al., 2006). The amount of EPS 
and its distribution have been found to influence the sludge dewaterability(Liu & Fang, 2003). Thus, 
it is important to study the change of EPS in sludge and its relationship with sludge dewaterability 
during the advanced oxidization processes, which could be helpful to understand the mechanisms of 
sludge dewaterability. 
Furthermore, anaerobic digestion is also a widely applied method for the production of renewable 
bioenergy resource in the form of methane as well as decreasing the volume of waste sludge. 
However, the methane production from anaerobic digestion is often limited by the slow hydrolysis 
rate and poor biochemical methane potential of waste sludge. For the advanced oxidation processes, 
it was found that it could decompose the cells and/or sludge flocs from sludge and lead to the release 
of soluble chemical oxygen demand, thus there would be opportunities to enhance anaerobic 
methane production by pre-treatment of WAS using advanced oxidation processes. 
1.2 Objectives of the thesis 
The objective of this thesis is to apply a series of novel advanced oxidization techniques on sludge 
conditioning process for the improvement of sludge dewaterability. Different kinds of oxidant and 
catalyst will be used, including indigenous iron from sludge, zero-valent iron, hydrogen peroxide and 
persulfate. The role of extracellular polymeric substances in sludge conditioning is also to be 
investigated during the advanced oxidization treatment process, which could contribute to the 
understanding of basic mechanisms on the sludge conditioning process. Furthermore, the 
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enhancement of methane production after the advanced oxidization pre-treatment process is also to 
be examined. 
1.3 Organization of the thesis 
The thesis consisted of nine chapters. 
Chapter 1 includes a brief introduction to the research background as well as the current research 
objectives; the main structure of the thesis is also presented.   
Chapter 2 is a literature review on the sludge conditioning techniques. First of all, the production of 
excess sludge by biological wastewater treatment processes and the main treatment processes of the 
excess sludge is generally introduced. The basic mechanism of the sludge conditioning process is 
especially reviewed. Secondly, different kinds of sludge conditioning techniques for improving of 
sludge dewaterability were reviewed. Lastly, a detailed review and discussion are dedicated to the 
advanced oxidization techniques and their applications to sludge dewaterability improvement. 
Chapter 3 presents the detailed research objectives of the thesis.  
Chapter 4 studies the role of indigenous iron in improving sludge dewaterability through 
peroxidation, the enhancement of methane production after the indigenous iron activated 
peroxidation pre-treatment is also examined. 
Chapter 5 focuses on the improving dewaterability of waste activated sludge by combined 
conditioning with zero-valent iron and hydrogen peroxide. The combination of zero-valent iron and 
hydrogen peroxide is also applied as the pre-treatment for sludge digestion. 
Chapter 6 studies the role of extracellular polymeric substances in sludge conditioning by Fenton’s 
reagent. 
Chapter 7 gives a novel sludge conditioning process by combination of persulfate and zero-valent 
iron. 
Chapter 8 presents the conclusion drew from the current studies and the future development of the 
research.  
 12 
 
 
 
 
Chapter 2 Literature review
 
2.1 Introduction 
Many biological wastewater treatment plants (WWTPs) have been employed worldwide to treat 
domestic wastewater with a high degree of success. However, large amounts of waste activated 
sludge (WAS) are produced in these sewage treatment facilities. For example, the annual production 
of dried WAS is estimated to be 10 and 14 million tons in the USA (1999) and China (2007), 
respectively (Bandosz & Block, 2006; Wang et al., 2010). The sludge treatment and disposal is 
difficult and expensive due to the large volume to be handled.  
The management of wastewater treatment processes such as manipulating the food to microorganism 
(F/M) ratio and controlling the sludge volume index (SVI) could impact sludge dewaterability (Jin et 
al., 2004) and hence the volume of sludge produced. However, sludge pre-treatment is most often 
needed to ensure consistently good dewaterability and stable operation. 
 A complete sludge treatment train is generally divided into five consecutive steps, namely 
thickening, stabilization, conditioning, dewatering, and final disposal/reuse. Among them, thickening 
and dewatering are mainly practiced to reduce the sludge volume by removing water from sludge 
solids. The sludge thickening processes, including air flotation, biological flotation, centrifugation, 
flat-sheet membrane filtration and gravity thickening, are primarily developed to separate free/bulk 
water from sludge solids therefore to reduce the volume of sludge to be treated by the subsequent 
processes. The solids content in WAS can be increased to 6% through thickening (Neyens & 
Baeyens, 2003). Stabilization is used to degrade the labile organics and to remove pathogens and 
odour (Arnaiz et al., 2006; Hartenstein, 1981). This is usually achieved through aerobic/anaerobic 
digestion, or through adding chemicals such as lime (Borja et al., 2005; Samaras et al., 2008). 
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Conditioning is employed to increase the dewaterability of waste activated sludge through physical 
disruption or the addition of chemicals including flocculants, acid, ferric chloride and lime. The 
conditioning process enhances the subsequent dewatering performance through either flocculation or 
the disruption of the floc structure of sludge particles. Mechanical dewatering is the last step before 
sludge disposal, which is usually achieved through press filters, centrifuges and dryers. After 
dewatering process, the water content in the filtered sludge normally decreases to around 80%, i.e. 
with 20-25% dry solids (DS) in the sludge cake (Chen et al., 2001; Neyens & Baeyens, 2003). 
Among the five sludge treatment steps, extensive research has been devoted to the sludge digestion, 
both as a stabilization and as an energy/resource recovery process. Various pretreatment technologies 
have been developed to improve the solids destruction and methane production (Wang et al., 2013). 
However, conditioning processes are receiving more and more attention from researchers due to the 
challenges of ever-increasing amount of sludge produced by biological wastewater treatment 
processes. Also, more stringent regulations on final sludge disposal/reuse demand higher dewatering 
performance to minimize the environmental impacts.  
Various approaches including both physical (heat treatment, freezing and thawing, and mechanical 
disintegration) and chemical treatment are widely used to condition sludge for increased 
dewaterability. Chemical treatment includes the addition of flocculation agents, acid and alkaline. 
Also, the advanced oxidization conditioning process such as the Fenton oxidization and ozonation 
processes have been applied recently. In addition to energy-saving advantages compared to physical 
treatments, the oxidization processes potentially remove recalcitrant compounds in sludge, which 
might cause environment problems for final sludge disposal. This chapter reviews the mechanisms of 
sludge dewatering and sludge conditioning technologies developed to improve dewatering 
efficiency. Especially, a particular focus is given to the application of advanced oxidization on 
improving sludge dewaterability. 
 
2.2 Sludge components and impacts on dewatering 
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WAS is mainly composed of microbial cells, extracellular polymeric substances (EPS) and water. 
Microorganisms and EPS are the major parts of the suspended solids (SS) or dry solids (DS) in the 
sludge cake. Both have impacts on the dewatering performance because water attached to them is 
hard to be separated. 
2.2.1 Measuring the sludge dewaterability 
In the processes of sludge conditioning and dewatering, Both capillary suction time (CST) and 
specific resistance to filtration (SRF) tests are widely used as quantitative indexes for the evaluation 
of the dewatering performance. CST stands for the time needed for completing the filtration of 
sludge, which is an empirical index. It was applied widely for measuring sludge dewaterability due 
to its easy operation. On the other hand, SRF is also applied as the index of the sludge dewaterability 
by measuring the extent of water yielded during filtration process. It is based on the proportional 
relationship between viscosity of sludge and the decrease of pressure over a certain distance. 
The relationship between SRF and CST is: 
CST = C1*SRF*μ*w +C2*μ 
In the equation, C1 and C2 stands for the coefficients related to CST, µ stands for the viscosity of the 
filtrate (Ns/m2), and w is the solid content of the filtrate (Kg/m3) (Pan et al., 2003). 
Other methods are also applied for measuring sludge dewaterability: 
- The bound water measurement methods, such as the centrifugation method, dilatometric 
measurement as well as differential scanning calorimetry, could measure the bound water 
concentration in sludge (Jin et al., 2004; Lee & Lee, 1995; Smith & Vesilind, 1995). 
- It was also found that the sludge rheological properties were related to sludge dewaterability. 
Ormeci applied torque rheology techniques on the optimaztion of polymor dosing for full 
scacle WAS (Örmeci, 2007). More recently, Ormeci and Ahmad developed a method to 
measure the shear during the sludge conditioning process (Örmeci & Ahmad, 2009), which 
could also contribute to the operation of automatic conditioning and dewatering system. 
- Dry solids (DS) contents in sludge cake were sometimes also applied as an index for sludge 
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dewaterability (Dewil et al., 2005; Neyens et al., 2003b), which stood for the residuals after 
evaporation under 105 oC. 
- Other physical sludge properties such as surface charge, relative hydrophobicity or viscosity 
were found having relationships with sludge dewaterability (Jin et al., 2004), thus the 
measurement of these parameters might also be helpful to understand the sludge 
dewaterability indirectly.  
 
2.2.2 Water in sludge 
 
The water in sludge is mainly divided into free water and bound water (Vesilind, 1994). The physical 
properties of free water are similar to bulk water, which is not associated with or affected by the 
suspended sludge particles. This makes it easy to be separated from sludge through either thickening 
or dewatering processes. Bound water is a gross term of several forms of water, including interstitial 
water, surface/vicinal water, and intracellular water.  
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Interstitial water is held in the sludge floc structure, and can become free water when the floc is 
destroyed. In contrast, vicinal water is attached on the surfaces of sludge particles by different kinds 
of forces such as capillary and adsorptive forces (Liu & Fang, 2003). Neyens et al. (2004) claimed 
that the basic mechanisms for the binding between water molecules and EPS are attributed to the 
existence of hydrogen bonds and electrostatic interactions, which means both complexation and 
flocculation processes are involved. Thus, vicinal water is not free to move even the floc structure 
has been disrupted. A certain amount of water is held inside microorganisms, which are termed 
intracellular water (Tang & Zhang, 2014). There is also a portion water bounded chemically in 
sludge particles can only be removed by high temperature (Vesilind, 1994). It is understandable that 
high level of vicinal water is undesirable for sludge dewatering because mechanical dewatering 
cannot remove any more than free water and interstitial water. In general, conditioning process is 
designed to transform the bound water into free water thus to facilitate the dewatering process. 
2.2.3 Impacts of EPS on dewatering 
As major components of activated sludge, extracellular polymeric substances (whose mass content 
reaches 80%) mainly consist of polysaccharides and proteins excreted by bacteria. EPS can protect 
cells from external environment through covering outside of the cells and controlling ion exchange. 
In EPS, polysaccharide and protein represent 70-80% of the total organic carbon (Neyens et al., 
2004), with the rest of organic carbon dominated by deoxyribonucleic acids (DNA) and uronic acids.  
The impact of EPS on sludge dewaterability depends on the content of EPS in sludge. The relatively 
lower dewaterability of the higher loaded sludge was found to be correlated with the higher 
concentration of EPS in the sludge (Pere et al., 1993). Similarly, it was suggested that sludge with 
lower content of EPS had higher dewaterability due to easy flocculation. The increase of soluble 
proteins and polysaccharides in solution was found to cause the decrease of sludge dewaterability 
(Novak et al., 2003). 
The proteins and carbohydrates in sludge bind with water differently, thus leading to different 
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impacts on sludge dewaterability (Jin et al., 2004). Cetin and Erdincler (2004) showed that the 
increase of carbohydrates led to higher sludge dewaterability while the increase of proteins affected 
it adversely. By comparing the change of proteins and polysaccharides distributions in sludge before 
and after hydrolysis and acidification, it was found that proteins influenced sludge dewaterability 
primarily, while carbohydrates and polysaccharides played secondary roles (Shao et al., 2009). They 
found proteins turned into slime form tightly bound EPS (TB-EPS) and pellets after the treatment, 
thus influencing the sludge dewaterability negatively. It was also reported that the increase of loosely 
bound EPS (LB-EPS) in sludge had negative effects on sludge dewaterability while TB-EPS had no 
obvious effects (Li & Yang, 2007). It was argued that although EPS was an important structure for 
sludge flocculation, excessive EPS in the form of LB-EPS reduced the floc strength, leading to poor 
sludge-water separation. 
 
Microbial cells in sludge, which is protected by the TB-EPS could also affect sludge dewaterability. 
Cells contain intracellular water in the form of hydration (Zhen et al., 2012a), it was found that the 
disruption of cells led to the release of intracellular water (Zhen et al., 2013). 
2.2.4 Impacts of sludge properties on dewaterability 
Various physical properties of sludge flocs, including surface charge, relative hydrophobicity, 
flocculating ability and viscosity, were found to affect sludge dewaterability (Jin et al., 2004). It was 
reported that the sludge flocs’ physical properties were influenced by the protein content in sludge 
EPS, and thus its water binding capacity(Wilén et al., 2003). Also, it was found that the sludge 
particle size distribution was changed by the increase of microbial extracellular polymer content in 
floc, which actually deteriorated the sludge dewaterability (Houghton & Stephenson, 2002). 
 
Different biopolymers existing in waste sludge flocs are linked by different cations (Novak & Park, 
2004). Although excess monovalent cations (such as sodium) were attributed for low sludge 
dewaterability, increased concentration of multi-valent ions (such as calcium, magnesium, iron and 
aluminum) in sludge flocs is beneficial for the sludge dewaterability (Higgins & Novak, 1997; Jin et 
al., 2004). The divalent cations, such as calcium and magnesium are capable of linking lectin-like 
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proteins and polysaccharides while the monovalent cations have poorer linking capacity. Meanwhile, 
the trivalent cations such as iron and aluminum can bind proteins, polysaccharides and humic acids 
together. This implies that the efficiency of sludge conditioning would be affected by cations in 
sludge which are crucial factors maintaining the floc structure.  
 
2.2.5 Sludge dewatering processes  
 
Many techniques are applied on sludge dewatering processes. The main devices for sludge 
dewatering include vacuum filter, centrifuge, belt press and dryer.  
 
For sludge dewatering, rotary vacuum filters are mostly used, which could separate the solids and 
water by the suction effect. Vacuum filters have been applied to sludge dewatering for several 
decades. Recent research has focused on the optimization of operational parameters for the filters. It 
was found that the operational parameters of vacuum filters were affected by the morphological and 
physical characteristics of the sludge, such as particle distribution and distribution (Wakeman, 1976; 
Wakeman, 2007). 
 
Centrifuge and belt press are also common devices for the separation of solids and water in sludge by 
centrifugal force and pressure, respectively. It was found that the simultaneous addition of acid and 
surfactant could lead to the improvement of dewatering efficiency by centrifuge (Chen et al., 2001). 
On the other hand, a novel electro-osmotic belt filter was also developed for sludge dewatering, 
which was demonstrated to be a cost-saving device compared to the traditional belt presses (Snyman 
et al., 2000). 
 
Dryers are also widely used for the removal of water in sludge thermally. According to Chen et al. 
(2002), the dryers could be mainly categorized as direct, indirect and combined sludge dryers. More 
recently, some researchers focused on the application of drying reed beds. Uggetti et al. (2009) 
applied drying reed beds on sludge dewatering and found the TS increased up to 20-30%. Similarly, 
Stefanakis et al. (2009) also reported its promising dewatering effects on surplus activated sludge. 
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2.3 Sludge conditioning by physical treatment 
Physical treatments, including heat treatment, freezing/thawing and mechanical disintegration, are 
used widely as a sludge conditioning process to improve its dewatering performance. 
2.3.1 Heat treatment 
The research on heat conditioning process had been operated for over 30 years. Haug et al. (1978) 
noticed the relationship of thermal pretreatment and the dewaterability of organic sludge. A series of 
temperatures between 100-225 °C were applied in their early research work. 
Nowadays, the temperature for heat treatment normally falls in the range of 40-180 °C. During heat 
treatment, proteins in EPS were found to be denatured. Also, cell walls of bacteria were broken 
(Neyens et al., 2002). In the meantime, the thermal hydrolysis of extracellular and intracellular 
materials leads to the decomposition of sludge structure, which improves the removal rate of the 
bound water. Neyens et al. operated a semi-pilot-scale reactor at 120 °C under neutral condition for 
60 min, and attained the increase of DS by 43% for the filter cake (Neyens et al., 2002). The first 
full-scale heat treatment process located in Norway was reported to increase DS from 15-20% to 30-
40%, while 60% of the COD in sludge was converted to biogas (Kepp et al., 2000). 
More recently, Guan et al. (2012) performed the thermal conditioning process in calcium chloride 
solution and achieved the improvement of sludge dewaterability indicated by reduced CST.  It was 
found that the heat treatment could change the surface characteristics of sludge, which facilitated the 
combination of flocs and calcium cation, thus the structure of flocs was enhanced and further 
improved the sludge dewaterability.  
2.3.2 Freezing/thawing treatment 
Freezing/thawing treatment is able to break the microbial cells and the floc structure, and thus 
releases the bound water from sludge. Lee and Hsu (1994) reported the increase of BOD and COD as 
well as the decrease of bound water content after the freezing/thawing treatment process. That 
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implied the freezing/thawing treatment process could effectively change the sludge structure and 
enhance sludge dewaterability. Also, the floc structure characteristics such as density and 
morphology was found to change greatly with low freezing speed (Hung et al., 1996). The 
dewaterability was increased by 82% compared to untreated sludge. Different freezing/thawing 
methods were also applied in the conditioning process, it was reported that the slow-frozen process 
achieved better sludge dewaterability than fast-frozen process (Wang et al., 2001). The data showed 
that after the slow-frozen treatment at 10	℃, the average dewatering rates increased by 7 times. 
2.3.3 Mechanical disintegration treatment 
Mechanical approaches are mainly based on the mechanisms of cavitation or activation of free 
radicals. Several mechanical methods were applied on the sludge conditioning process, such as 
ultrasonic pretreatment, microwave and electrolysis treatment. 
According to Wang et al. (2006), two mechanisms were involved in the ultrasonic treatment process, 
including the removal of bound water in sludge structure and the formation of fine particles and its 
effect on free water. Huan et al. (2009) found low level of ultrasonic could disintegrate the sludge 
structure, which was related to the sludge dewaterability. Similarly, Feng et al. (2009) reported that 
the energy dosages below 4400 kJ/kg TS could be helpful to enhance sludge dewaterability. 
However, higher than below 4400 kJ/kg TS could affect the sludge dewaterability negatively, that 
was due to the excess production of fine particles. 
Electrolysis process was often combined with the addition of flocculants agents. Which was found 
enhanced the sludge dewaterability rather than the addition of flocculants agents alone (Yuan et al., 
2011a). In addition, Microwave was also used to improve the sludge dewaterability. Yu et al. (2009) 
found short reaction time (e.g. 1 min) could enhance the sludge dewaterability. However, longer 
reaction time could weaken the sludge dewaterability due to the disintegration of sludge particles and 
increase of EPS. 
2.4 Sludge conditioning by chemical treatment 
The chemical treatment methods include the addition of flocculation agents, acid-alkaline treatment, 
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enzyme addition, ozonation and advanced oxidation processes (AOPs). Among them, the oxidation 
processes will be elaborated in a separate section. 
2.4.1 Addition of flocculation agent 
Inorganic flocculation agents, such as ferric chloride or lime are the traditional chemicals for sludge 
conditioning for decades. It was found that crystalloids were formed outside the flocs which could 
easily transmit the stresses into the flocs thus facilitating the separation of water during dewatering 
processes (Deneux-Mustin et al., 2001). It was also reported that the flocs formed after the addition 
of inorganic flocculation agents was different in structure. For example, the ferric flocs had looser 
structure than the alum flocs, which affected the dewaterability of the flocs (Turchiuli & Fargues, 
2004). 
Organic flocculation agents were also investigated extensively for their effects on sludge dewatering. 
By applying both single and dual polymers on the improvement of sludge dewaterability, it was 
found that skeletal structure was formed and the filterability was improved after the treatment (Lee & 
Liu, 2000). Furthermore, among the single polymers, the non-ionic polymer performed better 
conditioning efficiency than the cationic polymer, it was due to that the non-ionic polymer produced 
larger sludge particles which could improve the sludge dewaterability (Lee & Liu, 2001). 
Ma and Zhu developed a new kind of copolymers by grafting cationic poly onto nonionic 
polyacrylamide, and demonstrated that such kind of copolymers could improve sludge dewaterability 
better than homopolymers and dualpolymer systems (Ma & Zhu, 1999).  More recently, the novel 
microbial flocculant was also applied on sludge conditioning process. Zhang et al. (2010) compared 
the conditioning effect of microbial flocculant TJ-F1 and traditional flocculation agent P(AM-DMC), 
and found the TJ-F1 had better efficiency on the sludge dewaterability. 
Sometimes, the inorganic flocculation agents were also combined with organic flocculation agents 
for sludge conditioning, such as the combination of aluminum sulfate and Tannin, and the 
combination of calcium chloride and TJ-F1, which made the improvement of sludge dewaterability 
than adding one kind of flocculation agent only (Özacar, 2000; Zhang et al., 2010). 
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However, as the polymer flocculation agent is difficult to degrade, its persistent impacts on 
environment after final disposal is still a technological hurdle (Tony et al., 2008). 
2.4.2 Acid/alkaline treatment 
Many studies have illustrated the effect of pH on flocculation characteristics of sludge. The 
stabilization of flocs in sludge was deteriorated due to electrostatic repulsion between inter-surfaces 
of sludge when pH value fell below 2 (Liao et al., 2002). The best flocculation could be attained 
when pH fell into the range of 2.6-3.6 theoretically, which is also the isoelectric point of the sludge. 
Similarly, Liu et al. reported the reduction rate of CST was around 80% while the pH was reduced to 
2.4 (Liu et al., 2012). Nowadays, acids are often applied with other reagents. Chen et al. investigated 
the effect of acids on sludge dewaterability as well as its combination with surfactant, and got the 
optimum result (73.99% of water content)  at pH=2.5 while adding the acids and surfactant 
simultaneously, it was also found that without the addition of surfactant might lead to higher water 
content (Chen et al., 2001). 
The sludge dewaterability could also be improved by high pH due to the decomposition of sludge 
structure, which results in the release of bound water and EPS from sludge (Erdincler & Vesilind, 
2000; Su et al., 2013). The efficiency of sludge conditioning was also affected by different types of 
alkaline. Su et al. (2013) reported that calcium hydroxide is more favorable for sludge conditioning 
than sodium hydroxide; it was due to that the calcium hydroxide could facilitate the flocculation of 
sludge and enhance the sludge structure. Furthermore, compared to the sodium cation, the calcium 
cation could not deteriorate the sludge structure through ion exchanging. Thermochemical processes, 
which incorporate the thermal and acid/alkaline treatment, had also been applied to sludge 
conditioning successfully. Neyens et al. (2003a) found the dry solids (DS) of filtered sludge cake 
increased from 28% to 46% under pH=10 and 100 °C. 
2.4.3 Enzyme treatment 
Enzyme addition could also initiate the hydrolysis of EPS and cells in sludge, thus lead to the 
removal of bound water from sludge. A series of hydrolase was applied for the sludge conditioning 
and achieved noticeable improvement on sludge dewaterability, i.e. DS in the filtered cake increased 
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from 28.1% to 32.4% (Thomas et al., 1993). One kind of commercial enzyme mixture was used for 
improving the dewatering capacity of digestion sludge, and 50% increase of DS was attained. 
However, pilot scale reactors located in US only achieved limited efficiency (Dursun et al., 2006). In 
general, the application of enzymes on the sludge conditioning is still limited due to its difficulties in 
operation and the high operational cost. 
In addition, enzyme could also be applied together with flocculation reagents. Ayol (2005) found the 
pretreatment of digested sludge by enzyme before the flocculation treatment by polymer could 
obviously enhance the sludge dewaterability. It was also found that the solids content as well as the 
protein/ polysaccharide content could be decreased by enzyme.  
2.5. Sludge conditioning by advanced oxidization processes 
2.5.1 Mechanisms of Fenton reaction  
Although Fenton reaction has been found more than one century ago, its basic mechanisms involving 
the production of free radicals was not clear until the early half of the 20th century (Haber & Weiss, 
1934). Still in controversy, but researchers usually considered the traditional Fenton reaction process 
as a sequence of reactions as below (Eq. 2.1-2.9): 
Fe(II) + H2O2 → Fe(III) + •OH + OH-     Eq. 2.1 
Fe(III) + H2O2 → Fe(II) + HO2•/O2•- + H+    Eq. 2.2 
H2O2 + •OH → HO2•/O2•- + H2O      Eq. 2.3 
Fe(III) + HO2•/O2•- → Fe(II) + O2 + H+     Eq. 2.4 
Fe(II) + •OH → Fe(III) + OH-      Eq. 2.5 
Fe(II) + HO2•/O2•- → Fe(III) + H2O2     Eq. 2.6 
HO2•/O2•- + HO2•/O2•- → H2O2 + O2     Eq. 2.7 
•OH + HO2•/O2•- → H2O + O2      Eq. 2.8 
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•OH + •OH → H2O2       Eq. 2.9 
Reactions 2.1-2.6 stand for the process of hydroxyl radicals generation from peroxide with the 
catalysis of Fe(II) and Fe(III). According to the stoichiometric equations, cycles of iron between 
Fe(II) and Fe(III) initiate the overall reactions. Fenton reactions are normally operated at low pH 
around 3 to avoid possible precipitation of ferric ions. Eq. 2.8 describes the consumption of peroxide 
which leads to the chain termination. Fenton reactions could also begin from the reactions between 
ferric salt and peroxide as shown in reaction 2.2, which is termed as “Fenton-like” reaction.  
Some modified Fenton methods, including photo-Fenton and electro-Fenton reactions, were also 
applied to improve the oxidization efficiency of classical Fenton reaction (Tokumura et al., 2007; 
Ying et al., 2012). The photo-Fenton method mainly applies the photolysis of iron complex and 
peroxide in solution which produces free radicals as well as iron ions. The electro-Fenton applies the 
electrochemical mechanism and dissolves solid iron electrodes. 
As an effective oxidization technique, Fenton peroxidation process has been considered as the most 
commonly used method on industrial wastewater treatment, such as the removal of nitrobenzene and 
phenol from liquid (Chamarro et al., 2001) and the reduction of toxicity in phenolic wastewater 
(Martins et al., 2012). Fenton peroxidation process could also be applied on wastewater discoloration 
(Sun et al., 2007) as well as landfill leachates treatment (Hermosilla et al., 2009). 
2.5.2 Application in sludge conditioning 
Researchers have already applied Fenton reagent on conditioning of sludge for several decades 
(Table 2.1). After the oxidization treatment of pulp sludge, the sludge filterability was found 
improved (Pere et al., 1993). It might be contributed by the improvement of sludge hydrophobicity 
due to the hydroxyl group was converted to carboxyl group, as well as the decreased surface charge 
density. Mustranta and Viikari (1993) also demonstrated that the Fenton reagent at low concentration 
could improve the filtration capacity of activated sludge from different source effectively after the 
treatment for 1-2 hours. 
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Table 2.1. Summary of literature finding on Fenton reagents treatment (Fe2+ +H2O2) on sludge conditioning. 1 
Sludge pH 
Solids 
concentrati
on  
(mg/L) 
Dosage 
(mg Fe/g 
solids) a 
Dosage 
(mg 
H2O2/g 
solids) a 
Ratio of 
Fe2+/H2O2 
b
 
Treatme
nt time  
(min) c 
SRF d 
reduction  
(%) 
DS d 
increase  
(%) 
CST d 
reductio
n  
(%) 
Reference 
Settling tank  <3.5 20010 (TS) 300[50-300] 
300[100-
300] 
1[0.17-1] 50 92.13 N/A 48.6 (Buyukkamaci, 2004) 
WAS 3 8300 (SS) 
1084[181-
1084] 
361 3 [0.5-3] 2 [2-120] 
95 N/A N/A (Lu et al., 2003) 
Alum sludge 
(water treatment)  6 2850 
21[3.5-
2100] 
105[3.5-
3510] 
0.2[0.001-
600] 
1 
N/A N/A 48 ± 3 (Tony et al., 2008) 
Sedimentation 
tank  6 2850 
20 125 0.16 1 
N/A N/A 47 
 
(Tony et al., 2009) 
 
2 kinds of WAS  3 N/A 1.67 25 0.07 60 N/A 79.1and 90.3 N/A (Dewil et al., 2005) 
Activated sludge 
from 4 different 
pulp and paper 
plants 
3 20000-30000 
0.93-1.4 33-50 0.03 30 
33-100 N/A 10-96 (Pere et al., 1993) 
 
2 
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a
 The dosage is shown as the optimal dosage [investigated range]. 3 
b
 The Fe2+/H2O2 ratio is shown as the optimal ratio [investigated range]. 4 
c
 The treatment time is shown as the optimal treatment time [investigated range]. 5 
d SRF: Specific resistance to filtration; CST: Capillary suction time; DS: Dry solid.6 
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Optimizing the Fenton treatment conditions for sludge conditioning has been the research 
focus over the last ten years. Neyens and Baeyens (2003) compared various reaction 
pathways of Fenton reactions with different ratios of ferrous/peroxide (≥2, =1, and <1). They 
concluded that the proportion of ferrous and peroxide in the reagent was an important 
parameter in sludge conditioning by affecting the chemical kinetics of Fenton reactions 
(Neyens & Baeyens, 2003). The most effective conditioning parameter for Fenton 
peroxidation treatment is determined to be 1 mg/37 mg ferrous/peroxide per 6.3g DS of 
sludge at pH=3, which led to the increase of DS by 30% and reduction of CST by 44%. 
Buyukkamaci (2004) also applied different concentrations of ferrous salt and peroxide on 
biological sludge. The highest reduction of CST and SRF was attained at the concentration of 
0.30 mg Fe2+ /mg TS and 0.30 mg H2O2 /mg TS. Another study attained the lowest SRF in 
sludge cake at 1.08 mg Fe2+ /mg SS and 0.36 mg H2O2/mg SS, respectively (Lu et al., 2003). 
Fenton processes for sludge conditioning can also change the sludge physical properties. 
Thermal conductivity increased significantly after Fenton peroxidation treatment, along with 
the increase of DS, compared to the untreated sludge from different sources (Dewil et al., 
2005). The authors also compared the effect of different conditioning process including 
thermal hydrolysis, acid/ alkaline hydrolysis and concluded that Fenton peroxidation was one 
of the most effective methods for sludge conditioning.  
The Fenton-like reaction was also examined for improving sludge dewatering ability. Lu et 
al.(2003) applied Fenton-like reagent (Fe3+/H2O2) on WAS and attained promising effect 
(Reduction rate of SRT by around 85%) (Tony et al., 2008). The treatment efficiency of 
Fenton-like reactions with different metal ions (such as Cu2+, Zn2+) besides Fe2+ was limited. 
Beyond classical Fenton process, lab-scale photo-Fenton process was also applied in sludge 
treatment. Tokumura et al. (2007) incorporated a photo reactor with a UV lamp as the photo 
source. They found the release of COD from sludge and the decomposition of the dissolved 
COD as well. They also reported that when the mass ratio of Fe and peroxide was 1/100, the 
treatment efficiency reached the maximum. The solar energy was later introduced as a photo 
source for using the photo-Fenton method (Tokumura et al., 2009). However, the sludge 
dewaterability characteristics were not involved in these works.  
Furthermore, other techniques were also introduced with the combination of Fenton process. 
A magnetic zone was used in the Fenton reaction reactor for the conditioning of anaerobically 
digested sludge (Krzemieniewski et al., 2003). It was found that the existence of magnetic 
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zone could reduce the surface tension therefore to facilitate the oxidation of sludge by Fenton 
reagent.  
The economic analysis on the operation of sludge peroxidation can save 52 € for every ton of 
DS compared to thermal and thermochemical hydrolysis methods (Neyens et al., 2004). 
Similarly, Tony et al. (2008) also compared the cost for sludge conditioning by Fenton 
reagent with polymer flocculent, which is the most widely used method currently, and came 
to the conclusion that the cost of these methods fell into the same range, other than the extra 
advantages of Fenton process on environment. A pilot-scale Fenton peroxidation treatment of 
sludge with promising treatment efficiency by the addition of 25g H2O2/1.67g Fe2+ per kg DS 
attained net saving of 950000 € per year (Neyens et al., 2002). All these results collectively 
showed that Fenton reagent is an economical sludge conditioning for improving 
dewaterability. 
Fenton reagent was also found helpful for the destruction of pathogens in sludge (Yu et al., 
2010), as well as the removal of micropollutants, such as polycyclic aromatic hydrocarbons 
(PAHs) and steroid estrogens (Li & Zhang, 2014; Wiśniowska, 2008). Fenton reagent was 
also effective in the heavy metal leaching in sludge (Dewil et al., 2007). 
2.5.3 Effect of advanced oxidation processes on dewatering processes 
Although a few researchers tried to examine the relationship between the advanced oxidation 
pretreatment and dewatering processes, there are still significant research gaps at present. Lu 
et al. (2003) found moisture of the sludge decreased after Fenton pretreatment, which could 
facilitate the following dewatering step. Dewil et al. (2005) also found the Fenton processes 
could improve the sludge’s thermal conductivity, thus for a multiple hearth dryer, much less 
plates are needed compared to the conventional sludge without Fenton pretreatment. Neyens 
et al. (2004) reported the enhancement of Fenton processes on the floc strength, which is 
considered as an important effect on facilitating the operation of vacuum filtration for sludge 
dewatering process (Wu et al., 2003). Obviously, further research should be done on the 
effect of pretreatment with advanced oxidation processes on improving the dewatering 
efficiency, such as the effect of advanced oxidation on different kinds of dewatering devices 
and the optimization of the operational parameters for the dewatering devices. 
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2.5.4 Alternative advanced oxidation processes for sludge conditioning 
Similar to the catalysis of hydrogen peroxide, Fe(II) could also activate persulfate and form 
sulfate radicals with high redox potential and strong oxidizing capability. Different from the 
Fenton reactions usually occurring under acid condition, the Fe(II)-persulfate reactions are 
mainly operated under neutral condition. The Fe(II)-persulfate oxidization process was 
widely applied on the decomposition of refractory organics (Cao et al., 2008; Liu et al., 2012; 
Xu & Li, 2010). 
For sludge conditioning, Zhen et al. (2013; 2012a; 2012b; 2012c) demonstrated that the 
Fe(II)-persulfate treatment improved the dewaterability of sludge. CST reduction rate by 
88.8% was achieved in a very short treatment time, i.e. less than 1 min (Zhen et al., 2012c). 
Zhen et al. also discovered that the sulfate radicals formed during the reaction could destruct 
EPS and the microbial cells in sludge effectively. The treatment decomposed and solubilized 
EPS and flocs, thus transforming bound water into free water. Meanwhile, the dewaterability 
was not affected significantly by the bound EPS after treatment (Zhen et al., 2012c).  
When the Fe(II)-persulfate oxidization process was combined with the electrolysis process, it 
was found that the TB-EPS around the cells will be decomposed and transformed into LB-
EPS and slime EPS, with the bound water being released. This facilitated the destruction of 
cells in sludge and further improved the dewaterability of sludge (Zhen et al., 2013). On the 
other hand, the combination of thermal treatment and Fe(II)-persulfate process could also 
improve the dewaterability by decomposing the protein-like substances in EPS as well as 
destructing the polymeric backbone (Zhen et al., 2012a; Zhen et al., 2012b). 
Compared to the traditional Fenton reagent which has no residual anions in sludge, the sulfate 
ions produced by the Fe(II)-persulfate reactions might need post-treatment. However, its high 
treatment efficiency may offset the drawback.  
2.5.5 Sludge conditioning by other strong oxidants 
 
Ozone treatment 
 
For decades, ozonation, as a pretreatment method, has been employed to enhance the sludge 
degradability for the following sludge digestion stage (Liu et al., 2001; Scheminski et al., 
2000). It was demonstrated that the ozone treatment oxidized the organics in sludge thus 
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facilitating the anaerobic/aerobic digestion. However, only a few of these works focused on 
improving the sludge dewaterability by ozonation treatment. Some results reported that the 
sludge dewaterability was actually deteriorated due to the effect of ozonation. The possible 
reason for the deterioration of sludge dewaterability was suggested to be the formation of 
smaller particles due to the destruction of sludge floc, which then blocked the filter during the 
measurement (Dytczak et al., 2006; Liu et al., 2001; Weemaes et al., 2000). It was also 
reported that the aerobic digestion process following ozonation further improved the sludge 
dewaterability by degrading the fine particles produced by ozonation process (Hwang et al., 
2006). 
There are also some results showed that the ozonation treatment enhanced the sludge 
dewaterability. The improvement of sludge dewaterability was attained at a low dose rate of 
0.005 gO3/gTSS while higher dose rates deteriorated the dewaterability.(Sievers & Schaefer, 
2007) Another report found the optimal dose rate to be 0.05 gO3/gTSS for the sludge 
dewaterability (Al Momani et al., 2010). The release of protein into solution due to cell lysis 
caused by higher dose rate of ozone might contribute to the decreased dewaterability. In 
contrast, Park et al. (2003) found a different trend using ozonation process for sludge 
conditioning. The specific resistance to filtration (SRF) value increased with the increasing 
addition of ozone up to the dose rate of 0.2 gO3/g DS. The SRF value then decreased for 
higher dose rates of ozone. At the same time, the concentration of micro particles and 
turbidity also showed the similar trend. It’s evident that the optimal dose rate of ozone might 
vary significantly for different kinds of sludge.  
 
Ferrate treatment 
 
Compared to ozone, Fe(VI) has much higher redox potential under acidic conditions (2.2V).  
Ferrate (FeO42-), as a strong oxidant reagent and precursor of coagulating agent, was reported 
on its use for the improvement of sludge dewaterability. 
The addition of potassium ferrate was found to improve the sludge dewaterability (measured 
by SRF) at pH=3, while decrease the dewaterability at pH≥4 (Zhang et al., 2012). Both the 
increase of DS and CST were attained after treatment by potassium ferrate (Ye et al., 2012). 
The transformation of TB-EPS into LB-EPS due to the oxidization of ferrate might lead to 
the higher CST observed. Also, it was reported that ferrate treatment liquidized the sludge 
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solids into gel-like matters, making it impossible to dewater by vacuum filter and belt press, 
but achieves better solid-water separation performance by centrifugal dewatering (Hyunook 
et al., 2008). 
2.6. Conclusions 
For the improvement of sludge dewaterability, Fenton oxidization processes were applied, 
either alone or in combination with other treatments. Other strong oxidants like ozone and 
ferrate were also employed to achieve the same purpose. Sludge dewaterability was improved 
due to the separation/release of bound water from solids and cells in sludge, and/or the 
flocculation of fine sludge particles. Compared to the other methods, such as flocculation 
agent addition or enzyme treatment, It was shown advanced oxidation is a cost-effective and 
environment-friendly process for sludge conditioning. 
Although sludge conditioning by advanced oxidation process has been successful in the lab 
and a few pilot tests, the main hurdles of full application might include occupational health 
and safety concerns and possible production of harmful secondary compounds during the 
oxidization processes. Many of the chemicals used for the oxidization pretreatment are 
unstable, corrosive or harmful. Also, the processes have to be operated under low pH. Harsh 
operation conditions due to the oxidization reactions require it to be operated by skilled staff 
using special devices. Future research should address some of these hurdles. For example, 
better design of the reactors or processes and the selection of chemicals need to be addressed 
by future research. 
Furthermore, most of the research focused on the use of classic Fenton peroxidation till now. 
Only a few pilot-scale tests had been operated so far. Thus, data is still lack for large-scale 
operation, especially for the treatment of different types of waste sludge. In addition, there is 
limited research on alternative oxidization processes such as Fe(II)-persulfate oxidization 
process and ozonation process. More optimization and pilot-scale tests should be carried out 
for the wider application of classical Fenton reagent in sludge conditioning. Also, more 
fundamental research is still needed to understand the basic mechanisms of alternative 
advanced oxidation processes due to their promising effectiveness.    
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Chapter 3 Research objectives 
 
According to the literature review, it was found that advanced oxidization conditioning 
process could improve the sludge dewaterability obviously. However, limited studies were 
done on investigating alternative oxidization conditioning processes and the role of the 
extracellular polymeric substances in advanced oxidization conditioning process. Thus, the 
main aim of the thesis focuses on the application of a series of novel advanced oxidization 
techniques on sludge conditioning process for the improvement of sludge dewaterability. The 
role of extracellular polymeric substances in sludge conditioning is also to be investigated 
during the advanced oxidization treatment process. 
3.1 Investigating the role of indigenous iron in improving sludge 
dewaterability and methane production through peroxidation 
The use of Fenton reaction to improve sludge dewaterability through the simultaneous 
addition of hydrogen peroxide and iron salts has been studied by several researchers 
previously. However, various levels of iron may be present in the WAS, depending on 
upstream wastewater sources or treatment processes. Industrial wastewater containing high 
concentrations of iron can be discharged into domestic sewers. Iron salts may also be added 
for the control of hydrogen sulfide in sewers or for phosphorus removal in the wastewater 
treatment plants. If the indigenous iron, originated from upstream sewer or wastewater 
treatment plant, is available for the Fenton reaction, the amount of iron salts to be added for 
sludge conditioning could be reduced or even become unnecessary. However, such kind of 
phenomenon has never been studied before. 
The first aim of this study is to investigate if the indigenous iron in activated sludge is 
available for the Fenton reaction following the addition of hydrogen peroxide, which would 
consequently improve the dewaterability of WAS. Two sludge sources with different 
concentrations of indigenous iron were used in the experimental study. Capillary suction time 
(CST), which stands for the time needed for completing the sludge filtration process, is 
measured as the indicator of sludge dewaterability. Other parameters like iron concentrations 
in sludge and filtrate were also measured to shed light on the mechanisms involved. 
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Secondly, the effect of indigenous iron activated peroxidation pre-treatment process at 50mg 
H2O2/g total solids (TS) and pH 2.0 (7 mg indigenous iron/g TS) on WAS solubilization and 
biochemical methane production was evaluated. The enhancement of methane production 
was interpreted using model-based analysis to determine both the hydrolysis rate and the 
biochemical methane potential. 
3.2 Evaluating the improvement of waste activated sludge dewaterability 
by combined conditioning with zero-valent iron and hydrogen peroxide 
Similarly to classical Fenton system, zero-valent iron and hydrogen peroxide system could be 
applied as an alternative advanced oxidization method. In this study, we hypothesized that 
combined conditioning with zero-valent iron and hydrogen peroxide could also improve the 
sludge dewaterability.  
To verify this hypothesis, the conditioning of WAS by the combined ZVI-H2O2 system was 
systematically investigated. Capillary suction time (CST), which is an indicator of 
dewaterability, was measured before and after treatment. This is the first study to evaluate the 
effect of combined conditioning with ZVI and HP on WAS dewaterability. Other parameters 
like dissolved iron concentration arising from ZVI and particle sizes were measured. 
Economic analysis was also conducted to assess the economic potential of the proposed novel 
sludge conditioning method. 
In addition, the effect of ZVI activated peroxidation pre-treatment process on WAS 
solubilization and biochemical methane production was evaluated. 
3.3 Investigating the role of extracellular polymeric substances in sludge 
conditioning by Fenton’s reagent 
The extracellular polymeric substances in sludge plays an important role in the characteristics 
of sludge dewaterability. Different mechanisms were proposed. For the Fe(II) activated 
peroxidation process, the possible mechanisms include flocculation of fine particles by Fe(II) 
and H+, oxidization of flocs, destruction of loosely bound EPS and the destruction of tightly-
bound cells, among others. However, it is still unknown which is the primary mechanism in 
improving dewaterability. 
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The aim of the study is to evaluate the different possible mechanisms involved in the 
conditioning processes and identify the primary mechanism for explaining the improvement 
of sludge dewaterability using Fenton’s reagent. In this study, the characteristics change of 
both extracted EPS (loosely-bound EPS) from waste activated sludge (WAS) and the waste 
activated sludge itself subjected to Fe(II) activated peroxidation were measured. The results 
were discussed to obtain some prospects on the potential mechanisms. 
3.4 Evaluating the improvement of waste activated sludge dewaterability 
by combined conditioning with zero-valent iron and persulfate 
Zero-valent iron and persulfate system is a novel advanced oxidization method which has 
been used for the treatment of refractory organics in liquid. It was also found that the sulfate 
radicals had higher oxidation potential than hydroxyl radicals. 
We hypothesize that the combined ZVI-persulfate system could improve the sludge 
dewaterability based on its oxidization characteristics. To verify this hypothesis, this study 
systematically investigated the effect of the ZVI-persulfate system on the dewaterability of 
WAS. This is for the first time that the ZVI-persulfate system was applied to sludge 
conditioning for improving WAS dewaterability. Capillary suction time (CST), which is an 
indicator of dewaterability, was measured before and after treatment. Dissolved iron 
concentration and soluble COD were measured. Economic analysis was also performed to 
assess its economic potential. 
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Chapter 4 Role of indigenous iron in improving sludge 
dewaterability and methane production through peroxidation 
 
4.1 Introduction 
As an effective method, the activated sludge process has been applied to wastewater 
treatment for over a century. One well-known problem for the process is the high cost 
associated with the treatment and disposal of waste activated sludge (WAS) produced during 
the treatment process. Sludge treatment and disposal may account for up to 60% of the total 
operational costs in a wastewater treatment plant (WWTP) (Canales et al., 1994).  
The sludge treatment process usually consists of five steps: thickening, stabilization, 
conditioning, dewatering, and disposal/reuse. Among them, the dewatering process reduces 
the sludge volume by separating water from sludge solids. The water in WAS could be 
classified as free water and bound water (Katsiris & Kouzeli-Katsiri, 1987). The former 
combines with the sludge loosely and could be easily removed with the mechanical 
dewatering methods. In contrast, the bound water is hard to be removed mechanically 
because it combines with the sludge structure by capillary forces or chemical bonds. To 
increase the WAS dewaterability, sludge conditioning is used widely as a pretreatment. Many 
conditioning approaches, involving physical, chemical or enzymatic treatment of sludge, 
have been developed for improving the WAS dewaterability.  
Heat treatment (thermal hydrolysis), as a physical method, could denature the proteins in 
extracellular polymeric substances (EPS) and disintegrate the cells (Hung et al., 1996; Kepp 
et al., 2000). Also, the hydrolysis of extracellular and intracellular compounds leads to the 
decomposition of the sludge structure and then the release of the bound water. Similarly, the 
freezing-thawing method involves reducing the bound-water content of the sludge, and thus 
restructuring the sludge flocs into a more compacted and denser form. Physical treatment also 
includes various mechanical methods such as ultrasonic treatment and pressure 
homogenization (Wang et al., 2006). 
Chemical methods, through the addition of chemicals such as flocculants, acids or alkali, 
increase the flocculation ability of the sludge and facilitate the release of bound water (Lee & 
Liu, 2000; Liao et al., 2002). Similar to the physical disintegration methods, chemical 
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treatment help the release of water held by flocs and cells which cannot be removed by the 
conventional dewatering processes (Erdincler & Vesilind, 2000). Chemical methods 
sometimes are also combined with physical treatment. The frequently used acid thermal 
hydrolysis method is such an example. However, some chemical conditioning methods cause 
secondary environment pollution. For example, polymer flocculation agents are hard to be 
degraded in natural environment, thus posing potential environmental risks (Tony et al., 
2008).  
Another type of chemicals used for increasing dewaterability is the strong oxidizing agents, 
such as Fenton reagent, Fenton-like reagents and ozone. The oxidization treatment of WAS 
may partially dissolve sludge flocs, in addition to decreasing the surface charges of sludge 
particles (Buyukkamaci, 2004; Liu et al., 2001; Lu et al., 2003). Hydrogen peroxide is 
already widely applied as the oxidizing agent. Its advantage includes high oxidation 
efficiency, low cost and no residuals after the reactions (Neyens et al., 2002).  
The classical Fenton reaction consists of a series of reactions occurring between ferrous 
Fe(II) ions and hydrogen peroxide in liquid under acidic condition (Eq.4.1-4.10). The 
reactions produce hydroxyl radicals (Eq.4.1), which oxidize the target compounds . Fenton-
like reactions could also take place between ferric Fe(III) ions and hydrogen peroxide. On the 
other hand, some types of chelator could form complexes with ferrous and ferric ions in 
liquid by its carboxylate functional groups, thus facilitating the Fenton reaction (Georgi et al., 
2007).  
Fe(II)+ H2O2→Fe(III)+•OH+OH-                                                                                   Eq.4.1        
F e ( I I I ) +  F e →  F e ( I I )                                            E q . 4 . 2 
Fe( I I I )+H 2 O 2 →Fe( I I)+HO 2 • /O 2 • - +H +                                          Eq .4 .3 
H 2 O 2 + • O H → H O 2 • /O 2 • - + H 2 O                                       E q . 4 . 4 
Fe( I I I)+HO 2 • /O 2 • - →Fe( I I)+O 2 +H +                                              Eq .4 .5 
Fe(II)+•OH→Fe(III)+OH-                                                                                                                Eq.4.6 
Fe(II)+HO2•/O2•-→Fe(III)+H2O2                                                                                                   Eq.4.7 
HO2•/O2•-+HO2•/O2•-→H2O2+O2                                                                                                    Eq.4.8 
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•OH+HO2•/O2•-→H2O+O2                                                                                                              Eq.4.9 
•OH+•OH→H2O2                                                                                                                              Eq.4.10 
The use of Fenton reaction to improve sludge dewaterability through the simultaneous 
addition of hydrogen peroxide and iron salts has been studied by several researchers 
previously (Buyukkamaci, 2004; Lu et al., 2003),.With the simultaneous addition of ferrous 
salt, Kim et al., showed that sludge peroxidation enhanced the disintegration of sludge 
particles, and hence improved the sludge solubility (SCOD/TCOD) and settleability, in 
addition to decreasing sludge viscosity (Kim et al., 2009). Neyens et al., reported sludge 
peroxidation treatment reduced the amount of sludge by 50% and improves the dry solids 
content in sludge cake by 100% (Neyens et al., 2002).  
However, various levels of iron may be present in the WAS, depending on upstream 
wastewater sources or treatment processes. Industrial wastewater containing high 
concentration of iron can be discharged into domestic sewers. Iron salts may also be added 
for the control of hydrogen sulfide in sewers or for phosphorus removal in the wastewater 
treatment plants (Ganigue et al., 2011). If the indigenous iron, originated from upstream 
sewer or wastewater treatment plant, is available for the Fenton reaction, the amount of iron 
salts to be added for sludge conditioning could be reduced or even become unnecessary. 
However, such kind of phenomenon has never been studies before. 
In this study, we firstly investigate if the indigenous iron in activated sludge is available for 
the Fenton reaction following the addition of hydrogen peroxide, which would consequently 
improve the dewaterability of WAS. Two sludge sources with different concentrations of 
indigenous iron were used in the experimental study. Capillary suction time (CST), which 
stands for the time needed for completing the sludge filtration process, is measured as the 
indicator of sludge dewaterability. Other parameters like iron concentrations in sludge and 
filtrate were also measured to shed light on the mechanisms involved.  
Furthermore, it was also hypothesized that WAS pre-treatment using the indigenous iron 
activated peroxidation process can also enhance anaerobic methane production. To verify this 
hypothesis, the effect of indigenous iron activated peroxidation pre-treatment process at 50mg 
H2O2/g total solids (TS) (7 mg indigenous iron/g TS) on WAS solubilization and biochemical 
methane production was evaluated. It was found that the low pH could enhance the 
digestibility of sludge (Devlin et al., 2011), thus for further enhancing the effect of pre-
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treatment process, the pH was set as 2.0. The enhancement of methane production was 
interpreted using model-based analysis to determine both the hydrolysis rate and the 
biochemical methane potential.  
4.2 Materials and Methods 
4.2.1 Batch tests for improvement of sludge dewaterability  
Two full-scale activated sludges, namely Sludge I and Sludge II, were used in this study. 
Sludge I was recycled activated sludge collected from the Elanora WWTP (Gold Coast, 
Australia), which removes phosphorus chemically with the addition of ferric chloride. Sludge 
II was the WAS collected from the Luggage Point WWTP (Brisbane, Australia), which does 
not involve the addition of iron salts in its processes. Before being used in the tests, the 
sludge was settled by gravity for 48 h to increase the concentration. The main characteristics 
of both types of sludge are listed in Table 4.1. Based on their iron content, Sludge I and 
sludge II are denoted as SH (sludge with high indigenous iron) and SL (sludge with low 
indigenous iron), respectively. 
Analytical grade FeCl2·4H2O (Sigma-Aldrich) was dissolved in milliQ water for preparing 
the Fe2+ stock solution (20g Fe2+/L). The stock concentration of H2O2 (Chem-Supply) was 
30%. Sulfuric acid (Sigma-Aldrich, 99.999%), after being diluted to 25%, was used to adjust 
the pH of sludge. 
Table. 4.1 The characteristics of Sludge I and Sludge II. 
 Sludge I (SH) Sludge II (SL) 
Iron (mg/L)  525 107 
TS (g/L) 11.2±0.2 12.3±0.2 
TVS (g/L) 8.5±0.1 10.8±0.3 
CST (s) 
pH 
91 ±1.1 
6.8 
50 ±0.7 
6.1 
Three groups of batch tests were carried out to evaluate the preliminary effects of hydrogen 
peroxide treatment (Group I), effects of sludge iron concentration (Group II), and effects of 
hydrogen peroxide concentration (Group III), respectively, on sludge dewaterability. The 
design of these tests is summarized in Table 4.2. All the batch tests were done in duplicate. 
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Table. 4.2 Experimental design of the batch tests. 
Group No. Sludge pH H2O2 
addition 
(mg/L) 
Fe2+ 
addition 
(mg/L) 
I. Preliminary 
tests 
1 SH, SL 3 0 0 
2 SH, SL NA a 3000 0 
3 SH, SL 3 3000 0 
II. Effects of 
iron at 
various levels 
 
4 200 SH/200 H2O b  3 3000 0 
5  200 SH/800 H2O b  3 3000 0 
6 200 SL/200 H2O b 3 3000 0 
7 200 SL/800 H2O b 3 3000 0 
8  SH, SL 3 3000 0 
9 c SH, SL  3 3000 50 
10 SH, SL 3 3000 100 
11 SH,SL 3 3000 150 
12 c SL 3 3000 200 
III. Effects of 
hydrogen 
peroxide 
concentration 
13 SH 3 0 100 
14 SH 3 170 100 
15 SH 3 340 100 
16 SH 3 760 100 
17 SH 3 1500 100 
18 SH 3 6000 100 
19 SL 3 0 200 
20 SL 3 40 200 
21 SL 3 80 200 
22 SL 3 130 200 
23 SL 3 170 200 
24 SL 3 340 200 
25 SL 3 760 200 
26 SL 3 1500 200 
27 SL 3 6000 200 
a NA not adjusted. pH was approximately 6.8 (SH) and 6.1(SL). 
b: Indigenous iron was diluted in these tests through acid leaching, see text for details.  
c Results from these two tests are also included in Group III tests to analyze effects of 
hydrogen peroxide concentration. 
Test Group I consists of preliminary tests to evaluate the possible improvement to sludge 
dewaterability by the addition of hydrogen peroxide to acidified sludge (pH=3) and sludge 
without pH adjustment. The effect of sludge acidification (pH=3.0) without hydrogen 
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peroxide addition was also tested. Iron salt was not added in any of these tests. The 
dewaterability of sludge after treatment was also measured. 
Based upon the effectiveness of H2O2 on sludge dewaterability observed in Test Group I, Test 
Group II was designed to evaluate the availability of iron ions on the treatment performance. 
To verify that the indigenous Fe was involved in the improvement to the sludge 
dewaterability in Test Group I, Tests 4-7 were designed to test the effectiveness of H2O2 on 
sludge dewaterability when indigenous iron in the two sludges was diluted (described below). 
As part of Test Group II, ferrous salt was added to the two sludges at concentrations of 50 to 
200 mg/L in Tests 8-12, to evaluate the impact of higher iron concentrations on sludge 
dewaterability improvement after treatment.  
To reduce the indigenous Fe concentration in sludge, 200 mL of the sludge was mixed with 
200 mL or 800 mL deionized water while the pH value was adjusted to 3.0 with sulfuric acid. 
The diluted sludge was then stirred by a magnetic stirrer (Heindolph Model MR 3000R) at 
100 rpm for 30 min followed by gravity settling for 3 h. The corresponding amounts of 
supernatant (200 mL and 800 mL, respectively) of the diluted sludge were then removed. In 
this way, the concentration of indigenous Fe in both sludges was measured both before and 
after the dilution using method to be described below. After dilution, the iron concentration in 
SH decreased to 59% and 45% of the original concentration for the 200 mL and 800 mL 
dilutions, respectively, while the iron concentration in SL decreased to 71% and 66%, 
respectively.  
The aim of Test Group III was to evaluate the effects of hydrogen peroxide concentration on 
the treatment efficiency. Based on the results from Test Groups I and II, an additional amount 
of iron, at iron concentrations of 100 and 200 mg/L for sludge SH and SL, respectively, was 
added to ensure that iron was not limiting. Various concentrations of hydrogen peroxide, 
ranging from 0 to 6000 mg/L were applied to identify the optimal hydrogen peroxide 
concentration. 
For each batch test, 100 mL of WAS was transferred into a 250 mL glass flask. Ferrous salt 
was then added to adjust the iron concentration (as described above) and the pH of sludge 
was adjusted to 3 by adding sulfuric acid (25%). The flask was then mixed with a magnetic 
stirrer at 100 rpm for 30 min.  
The dewaterability of sludge was measured with a capillary suction timer (Trition-WPRL, 
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Type 304). The sludge was filled in a 9 mL Stainless-steel funnel, and the time needed for 
permeating the filter paper by water from sludge (CST) was measured. CST was used as the 
indicator of sludge dewaterability. 
To measure the dissolved iron concentration, the sludge was filtrated with 0.22 µm filters 
(millex), and the Fe concentration in the filtrate was analyzed with Inductive Coupled 
Plasma-Optical Emission Spectroscopy instrument (ICP-OES). For the measurement of the 
total Fe in sludge, the sludge sample was digested with 70% nitric acid for 15 min, and the 
dissolved iron was measured with ICP-OES (Ge et al., 2012).  
The Total solids (TS) and Total volatile solids (TVS) concentrations in the original sludge 
were measured using APHA standard methods. 
Improvement of sludge dewaterability was assessed using the reduction percentage R (%) of 
CST. This is calculated as follows: 
R (%) = (CST0-CSTe/ CST0)*100%   
where CST0 was the CST of the original sludge, and CSTe was the CST after the treatment. 
4.2.2 Batch tests for methane production 
The full-scale WAS used in this study was collected from a local (Brisbane, Australia) 
biological nutrient removal WWTP with a sludge retention time of 15 d. The main 
characteristics of the WAS (with standard errors obtained through triplicate measurements) 
were: TS 13.9±0.2g/L, volatile solids (VS) 10.1±0.3g/L, total chemical oxygen demand 
(TCOD) 14.6±0.1g/L, soluble chemical oxygen demand (SCOD) 0.11±0.01g/L, pH=6.9, Iron 
concentration 7mg/g TS. 
 
For the biochemical methane potential (BMP) tests to be further described in this section, the 
inoculum was harvested from a mesophilic anaerobic digester treating mixed primary sludge 
and WAS in the WWTP from which WAS was collected. Its main characteristics (with 
standard errors obtained through triplicate measurements) were: TS 21.2±0.2 g/L, VS 
15.3±0.2 g/L, TCOD 24.3±0.2g /L, SCOD 0.59±0.01g /L, pH=7.5. 
 
In each test, a 250 mL glass flask was used with the addition of 100 mL WAS. For Test Nos. 
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1 and 2, pH was not controlled and was observed to be 6.9. No hydrogen peroxide was added 
in Test No. 1, whereas hydrogen peroxide was added in Test No. 2, resulting in a hydrogen 
peroxide concentration of 50 mg/g TS. For Test Nos. 3 and 4, pH was adjusted to 2.0 by 30% 
hydrochloric acid. No hydrogen peroxide was added in Test No. 3, whereas hydrogen 
peroxide was added in Test No. 4, resulting in a hydrogen peroxide concentration of 50 mg/g 
TS. The flasks were then mixed at 100 rpm for 30 min by an orbital shaker. After the pre-
treatment, the samples from each test were taken for SCOD analysis. The pH values of the 
sludge samples were adjusted to 6.9 by 1 mol/L NaOH solution after the pre-treatment. 
 
Methane production from WAS with and without peroxidation pre-treatment were assessed 
using BMP tests, as described in Jensen et al. (2009). The BMP tests were performed in 160 
mL serum bottles (100 mL working volume) with 50mL inoculum and 50ml WAS with an 
inoculum to WAS ratio of 1.5 (VS basis). The vials were flushed with nitrogen gas after 
mixing the inoculum and WAS, sealed with a butyl rubber stopper retained with an 
aluminium crimp-cap and stored in a temperature controlled incubator at 37 ± 1°C. BMP 
bottles were well mixed by inversion for several times prior to each sampling event. A blank 
was also set up, which contained 50ml milli-Q water and 50ml inoculum. All tests were 
operated in triplicate. The BMP tests were conducted for 23 days till the biogas production 
decreased to insignificant level.  The biogas (CH4, CO2, H2) production from WAS was 
obtained by subtracting that produced from the blank. The methane production was reported 
as the volume of methane produced per kilogram of VS added (L CH4/kg VS added).  
 
The hydrolysis rate (k) and biochemical methane potential (B0), two key parameters 
associated with methane production, were used to evaluate and compare methane production 
kinetics and potential of the WAS with and without indigenous iron activated peroxidation 
pre-treatment. They were estimated by fitting the methane production data from BMP tests to 
a first-order kinetic model using a modified version of Aquasim 2.1d with sum of squared 
errors (Jopt) as an objective function (Batstone et al., 2009).  
The first-order kinetic model (Batstone et al., 2009; Rao et al., 2000) was shown in Eq 4.11: 
B(t)=B0 (1-e-kt)                                                                                                          Eq.4.11 
where B(t)=cumulative methane production at time t (L methane/kg VS added); t=time (d). 
Based on the determined B0, the degradation extent (Y) of WAS was determined using 
Eq.4.12: 
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Y=B0/380×RWAS                                                                                                       Eq.4.12 
where B0=biochemical methane potential (L CH4/kg VS added); 380=theoretical biochemical 
methane potential of WAS under standard conditions (25 °C, 1 atm) (L CH4/kg TCOD) 
(Metcalf & Eddy, 2003); RWAS=measured ratio of VS to TCOD in the studied WAS (i.e. 0.69 
in this study);  
           
The biogas volume was measured by a manometer at the start of each sampling event. 
Cumulative volumetric gas production was calculated from the pressure increase in the 
headspace volume (60 mL) and expressed under standard conditions (25 °C, 1 atm). At each 
sampling event, the biogas composition (CH4, CO2, H2) was analysed by Shimadzu GC-2014 
gas chromatograph equipped with a Valco GC valve and a thermal conductivity detector 
(Association, 1998). 
 
4.3 Results 
4.3.1 Effectiveness of peroxidation on improving dewaterability  
Figure 4.1 shows the change of sludge dewaterability before and after being treated with 
hydrogen peroxide (3g/L), acidic pH (3.0) or both (Test Group I).  
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Figure. 4.1 Performance of peroxidation on enhancing dewaterability of waste activated 
sludge SH and SL. 
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According to Fig 4.1 and Table 4.1, it was found that CST of SH was longer than SL. At the 
same time, the TS in SH was only slightly lower than SL. Many factors could affect the 
sludge dewaterability, including the flocculability and structure of sludge flocs. The sludge 
dewaterability could be deteriorated if the sludge contained higher amount of fine particles, 
even with lower TS content. The two kinds of sludge were collected from two different 
WWTPs, whose operation conditions affect the sludge structure and sludge filterability, thus 
the sludge had different initial CST values.  
For both sludge SH and SL, with the adjustment of pH to 3.0 from their original levels, i.e. 
6.8 and 6.1 for SH and SL respectively, the CST only decreased slightly by 5% and 6%. 
Similarly, the CST only decreased slightly by 5% and 4% for SH and SL, respectively, after 
adding 3 g/L of hydrogen peroxide without pH adjustment.  
However, when hydrogen peroxide was added in the acidified sludge (pH = 3), CST values 
decreased significantly for both sludges. Especially, CST for sludge SH decreased from 
above 90 sec to 40 sec, implying a great improvement of sludge dewaterability. For sludge 
SL, its dewaterability was reduced from 50 s to 38 s, a 23% reduction compared to the 56% 
reduction achieved for sludge SH. These results indicate that the level of dewaterability 
improvement by sludge peroxidation depends on low pH and also on sludge properties (i.e. 
the different concentration of indigenous iron concentration). Sludge SH achieved a higher 
improvement of dewaterability than sludge SL, which is likely related to the different 
concentration of indigenous iron concentration. This is because one major mechanism of 
sludge peroxidation is the Fenton reaction, which is generally catalyzed by iron. Sludge SH 
has 525 mg/L of iron, which is almost 4 times higher than the iron concentration (107mg/L) 
in sludge SL (Table 4.1). Due to the abundance of iron in SH, it has likely experienced more 
effective treatment due to higher Fenton activity, therefore achieving higher reduction of 
CST. The solid contents in sludge before and after peroxidation treatment were also 
measured, but the values were almost unchanged (P>0.05). This might be due to the fact that 
the oxidization process changed the floc structure rather than eliminating the flocs itself. The 
water content in sludge floc during the peroxidation process was also unchanged. However, 
the water could be separated more easily from the flocs, which was also shown by the CST 
values. 
4.3.2 Effects of iron concentration 
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The results of Test Group 1 confirmed the effectiveness of peroxidation on enhancing sludge 
dewaterability, with higher improvement for sludge SH with a high indigenous iron 
concentration. Tests 8-12 were thus designed to investigate the effects of iron addition on the 
efficacy of peroxidation. Figure 4-2 shows the improvement of sludge dewaterability after 
peroxidation treatment with various levels of iron addition. The hydrogen peroxide 
concentration was at 3000 mg/L, which was shown to be effective in improving sludge 
dewaterability (Test Group I). For sludge SH, CST was marginally improved from 40s to 35s 
while the total concentration of iron in sludge was increased from 525 mg/L (concentration of 
indigenous iron) to 625 mg/L (56 mg Fe/g TS). However, addition of a higher amount of iron 
to 675mg/L did not further reduce the CST value (P=0.0514). In contrast, the dewaterability 
of sludge SL gradually increased with the increase of addition of iron up to 200 mg/L (Fig 
2b). The CST was reduced from 38 s to 24 s when the total iron concentration in sludge was 
increased from 107 to 307 mg/L (25 mg Fe/g TS). A significant decrease in CST was 
observed after each increased addition of ferrous chloride (P < 0.001 in all cases). The results 
clearly show the important role of iron in the improvement of sludge dewaterability. 
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Figure. 4.2 Effect of ferrous chloride addition on the dewaterability of sludge SH (a) and 
sludge SL (b). The hydrogen peroxide concentration used was 3000 mg/L and pH was 3.0 in 
all tests. 
To further verify the role of indigenous iron in dewaterability improvement, Tests 4-7 were 
designed, in which part of the iron in the original sludge was removed through leaching. 
Figure 4.3 summarizes the improvement of sludge dewaterability (CST reduction percentage) 
obtained in these tests, based upon the total amount of iron available. For comparison, the 
CST results reported in Figure 4.2 are also plotted in Figure 4.3. It is evident that in all tests, 
peroxidation improved the sludge dewaterability. However, the effectiveness decreased with 
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the decrease in iron concentration caused by iron removal through leaching. Overall, a clear 
dependency of CST reduction on the iron concentration was evident for both kinds of sludge. 
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Figure. 4.3 The dependency of CST reduction on the concentration of iron observed in Test 
Group II. In all tests, the concentration of hydrogen peroxide was 3000 mg/L, and pH was 
3.0. 
 
The experimental results (Fig 4.3) also showed that the highest CST reduction was achieved 
when the total sludge iron was higher than ~500 mg/L. The highest reduction of capillary 
suction time was 68% and 56%, for sludge containing an iron concentration of 56 mg Fe/gTS 
(SH) and 25 mgFe/gTS (SL), respectively. Before reaching the maximum, the CST reduction 
percentage almost increased linearly with the increase of the total sludge iron concentration. 
This trend is the same for both SH and SL. After the iron leaching pretreatment, the 
concentration of iron in sludge SH was decreased to 312 mg/L and 233 mg/L respectively, 
while that in sludge SL was decreased to 76 mg/L and 71 mg/L. It is clear that these 
pretreated sludge showed lower dewaterability improvement after peroxidation, in 
comparison to the original sludge. Therefore, both the indigenous sludge iron and added iron 
contributed to the reduction of CST. 
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The results leads to the conclusion that both indigenous iron (at acidic pH) and additional 
iron could react with hydrogen peroxide to improve sludge dewaterability most likely through 
Fenton reactions. Further addition of ferrous salt can improve the effectiveness of 
peroxidation only when the indigenous iron concentration is low, such as in the case of sludge 
SL. Once the indigenous iron reached a high level (>500mg/L), further addition of ferrous 
salt only improve marginally the dewaterability. 
4.3.3 Effects of hydrogen peroxide concentration 
Results from Test Group II showed that a sufficient amount of iron, either as indigenous iron 
or through external addition, is essential for the improvement of dewaterability. Test group III 
further investigated the effects of hydrogen peroxide concentration when a sufficient amount 
of iron was present in the sludge. Figure 4 shows the reduction of CST for sludge treated with 
fixed iron concentrations (Tests 13-27, for Sludge SH and SL, respectively) and various 
hydrogen peroxide concentrations.  
When the concentration of hydrogen peroxide was around 340 mg/L, the highest reduction of 
CST was achieved for both sludge SH and SL. Sludge SH achieved 68% reduction of CST at 
340 mg/L of hydrogen peroxide. For sludge SL, when the concentration of hydrogen peroxide 
increased from 40 to 340 mg/L, the CST reduction percentage also increased from 28% to 
56%. For both sludges, the addition of more hydrogen peroxide did not achieve further 
improvement to the sludge dewaterability.  
The concentration of iron in filtrate of the treated sludge was also measured. As shown in Fig. 
4.4, the concentration of iron in filtrate decreased while the hydrogen peroxide concentration 
increased from 0 mg/L to 760 mg/L in Sludge SL. The total iron in filtrate remained around 0 
mg/l while the hydrogen peroxide was higher than 1000 mg/L. The phenomenon may be due 
to the oxidization of Fe2+ to Fe3+, which would have formed ferric hydroxide precipitate. 
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Figure. 4.4 Effects of hydrogen peroxide concentration on sludge dewaterability after 
peroxidation treatment with fixed addition of ferrous salt at 100 and 200 mg/L for sludge SH 
and SL, respectively. Iron concentrations in the treated SL and SH filtrate are also presented.  
 
4.3.4 Effect of indigenous iron activated peroxidation pre-treatment on WAS 
solubilization 
All the pre-treatment conditions (see 4.2.2) applied resulted in release of SCOD. The released 
SCOD from original sludge (Test No.1) was 8 mg/g TS. Hydrogen peroxide pre-treatment (50 
mg/g TS at pH 6.9; Test No.2) led to an increase of SCOD by 10 mg/g TS. The acid pre-
treatment at pH 2.0 (Test No.3) was more effective in WAS solubilisation, with the released 
SCOD being 63 mg/g TS. The increased SCOD in the case of indigenous iron activated 
peroxidation pre-treatment (Test No.4) was 103 mg/g TS. This was significantly higher 
(p<0.05) than the sum of those obtained by hydrogen peroxide and acid pre-treatment alone 
(i.e. Test Nos. 2 and 3). That implied the occurrence of indigenous iron activated peroxidation 
reactions. The higher release of SCOD implies that more cells and/or EPS were destroyed 
and became soluble substrates from particulate substrates.  
 
4.3.5. Effect of peroxidation pre-treatment on biochemical methane production 
The measured methane production in all tests over the whole BMP test period is shown in 
Fig. 4.5.  
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In general, only the indigenous iron activated peroxidation pre-treatment (see Test No.4 ) 
improved the methane production (p<0.05), with the highest improvement being 10%, 
achieved on Day 16, compared with the case without pre-treatment (Test No.1). In 
comparison, the other cases (Test Nos. 2 and 3) didn’t significantly enhance methane 
production compared with the case without pre-treatment (Test No.1). 
 
Fig. 4.5. Cumulative methane production from waste activated sludge with different pre-
treatment methods (see 4.2.2 for the pre-treatment conditions shown in legend). Error bars 
show standard errors. And simulated methane production in the BMP tests (lines represent 
model fit). 
  
According to Fig.4.5, the methane production was still increasing while the batch tests ended. 
However, the hydraulic retention time of an aerobic digestion is generally between 15-20 
days. Therefore, for the purpose of practical application, the batch tests only lasted for 23 
days. 
 
To interpret the enhanced methane production by indigenous iron activated peroxidation pre-
treatment, a first-order model was used to estimate the hydrolysis rate (k) and biochemical 
methane potential (B0). The simulated methane production curves using the first-order model 
are shown in Fig. 4.5, which indicates the model could reasonably describe the methane data. 
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Table 4.3 shows the estimated k and B0 for WAS subject to different pre-treatment conditions. 
According to Table 4.3, B0 was enhanced by 13% (from 264 to 298 L CH4/kg VS) in the case 
of indigenous iron activated peroxidation pre-treatment compared with the case without pre-
treatment (Test No.1), while the other cases (Test Nos. 2 and 3) did not significantly enhance 
B0 (p>0.05). Correspondingly, the degradation extent (Y) in the cases of control, hydrogen 
peroxide and acid pre-treatment (i.e. Test Nos. 1, 2 and 3) was similar, whereas Y was 
enhanced by 13% (from 0.48 to 0.54) in the case of indigenous iron activated peroxidation 
pre-treatment compared with the case without pre-treatment (Test No.1). This indicates that 
less sludge (13%) was produced in the case of indigenous iron activated peroxidation pre-
treatment.  
 
Table 4.3. Estimated k (hydrolysis rate), B0 (biochemical methane potential) and Y (WAS 
degradation extent) during pre-treatment by a first-order model (see section 4.2.2 for the pre-
treatment conditions in different Test Nos.)  
 
Test No. B0 (L methane/kg VS added) Y k (d-1) 
1 
2 
3 
4 
264±11 0.48±0.03 0.24±0.03 
267±10 
276±10 
0.48±0.03 
0.50±0.03 
0.24±0.03 
0.23±0.02 
298±7 0.54±0.01 0.20±0.01 
According to the results, the methane production is affected by both hydrolysis rate (k) and 
biochemical methane potential (B0). Although k slightly decreased in T4, B0 increased. This 
explained the increased methane production. The increase B0 indicated that part of the un-
biodegradable substances in WAS was transformed into biodegradable substances after 
peroxidation processes. However, the relationship between the change of k values and the 
improvement of methane production still needs further investigation in the future. 
4.4 Discussion 
4.4.1 The effect of indigenous iron on the improvement of sludge dewaterability through 
peroxidation 
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The results in 4.3.1-4.3.3 demonstrated that acidic pH alone, or hydrogen peroxide alone 
could achieve very limited improvement to sludge dewaterability. The addition of hydrogen 
peroxide under acidic conditions significantly improved the sludge dewaterability, with the 
extent of improvement strongly dependent on the iron concentration. This is due to the 
initiation of Fenton process was caused by iron. The Fenton process produced hydroxyl 
radicals that partly oxidized sludge flocs (Eq.4.1 – 4.10). For sludge with a low concentration 
indigenous iron (e.g. < 50 mgFe/gTS), an additional amount of iron salt is needed to improve 
the dewaterability through peroxidation treatment. These findings support that the 
improvement of sludge dewaterability could be achieved only when both Fe and hydrogen 
peroxide co-exist at sufficient concentrations under acidic conditions. This coincides with the 
conditions of Fenton reaction, which may indeed occur between the hydrogen peroxide and 
iron whether it is indigenous or added externally. Similar to other oxidization processes, 
Fenton oxidization could disrupt the flocs and cells, thus free the interstitial water from 
sludge structure.  
Iron likely exists in most WAS. Iron could have been introduced in the treatment process, for 
example for phosphorus removal or as a flocculent (Fytianos et al., 1998), or contained in 
wastewater. Iron in sludge plays an important role in maintaining the floc structure by 
combining with proteins (Rasmussen & Nielsen, 1996). This work identified an opportunity 
to reuse the iron in sludge as the catalyst of Fenton reaction for improving sludge 
dewaterability. Furthermore, the operation of the process is practically feasible. It only needs 
to measure the concentration of indigenous iron in sludge occasionally, and no further 
procedures are needed. The iron concentration of the WAS from a WWTP is usually stable 
(depending the iron level in wastewater), thus the operating intensity would not be increased. 
According to the results, the optimum ferrous addition amount was 100 mg/L (8.9 mgFe/gTS) 
and 200 mg/L (16.3 mgFe/gTS) for sludge SH and SL, with hydrogen peroxide at 340 mg/L 
(30 mg/gTS and 28 mg/gTS) for both kinds of sludge. Thus an estimation of chemical costs 
could be carried out, the total costs for sludge conditioning was $27.9 and $37.3/ tone TS. 
(The prices of FeCl2, 50% hydrogen peroxide and 98% sulfuric acid are $600, $200 and 
$100/tonne, respectively). 
The exact economic outcome would depend on how the solid content of the dewatered sludge 
would increase after conditioning. With a common solid content of 15% for dewatered sludge 
and the sludge transport and disposal cost of $55/wet tone in Australia, the costs for sludge 
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conditioning would be balanced if the solid contents of the dewatered SL and SH after 
conditioning increase from 15% to 16.1% and 16.7%, respectively. Thus the sludge with 
higher indigenous iron could be easier to save the expense of treatment. 
 
4.4.2 The mechanisms on the enhanced methane production after indigenous iron 
activated peroxidation pre-treatment 
 
According to the results of 4.3.4 and 4.3.5, the indigenous iron activated peroxidation pre-
treatment process (i.e. Test No. 4) could result in more SCOD release than the sum of those 
obtained by hydrogen peroxide and acid pre-treatment alone (i.e. Test Nos. 2 and 3). This 
indicated the occurrence of indigenous iron activated peroxidation reactions. It also implied 
that more cells/EPS was destructed during the indigenous iron activated peroxidation pre-
treatment process.  
 
The amount of soluble iron cations could affect the production of hydroxyl radical and 
therefore further influence the peroxidation efficiency. Normally, higher concentration of 
soluble iron cations could react with more hydrogen peroxide (Eq.4.1) and therefore facilitate 
the production of hydroxyl radicals, thereby enhancing the destructive effect on cells and/or 
EPS. According to 4.3.3, it was found that in the presence of hydrogen peroxide, the 
indigenous iron could be released under acidic condition. Therefore, more soluble iron was 
present in the presence of hydrogen peroxide under acidic condition than that in the system 
without pH adjustment (neutral pH). As a result, more destruction of cells and/or EPS would 
occur, which would promote methane production. A more detailed understanding of the 
mechanisms involved in the indigenous iron activated peroxidation pre-treatment of sludge 
will help identify the optimal treatment conditions, and further research is required. 
4.5 Conclusions 
The improvement of sludge dewaterability by the addition of hydrogen peroxide was 
investigated through a series of batch tests with full-scale WAS for the first time. Under 
acidic conditions (pH=3.0), the dewaterability of WAS can be improved with the addition of 
hydrogen peroxide, likely due to Fenton reactions. The indigenous iron plays similar role as 
the externally added iron salts in improving sludge dewaterability. Sludge with high 
indigenous iron can sustain the Fenton reaction without a need for externally supplied iron. 
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For sludge with relatively low iron concentrations, addition of iron salts will further improve 
the effectiveness of peroxidation. The dewaterability improvement increases with increased 
amount of iron in sludge up to an iron concentration of around 50 mgFe/gSS, after which the 
improvement becomes independent of iron concentration. Similarly, it was found that the 
optimal hydrogen peroxide addition is in the range of 16-27mg/gSS. 
The feasibility of enhancing anaerobic methane production based on peroxidation pre-
treatment of WAS containing indigenous iron was investigated through laboratory BMP tests. 
The indigenous iron activated peroxidation pre-treatment is effective in enhancing anaerobic 
methane production from waste activated sludge (WAS).The indigenous iron activated 
peroxidation pre-treatment could improve the biochemical methane potential of the WAS, but 
could not significantly affect the hydrolysis rate. 
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Chapter 5 Improving dewaterability of waste activated sludge 
by combined conditioning with zero-valent iron and 
hydrogen peroxide  
5. 1 Introduction 
Nowadays, the production of large amounts of waste activated sludge (WAS) is a serious 
problem for the operation of a wastewater treatment plant (WWTP) due to the high WAS 
treatment and disposal costs. According to Canales et al. (1994), the treatment and disposal of 
WAS could occupy 60% of the total operating costs for a WWTP. 
The WAS treatment and disposal process generally includes thickening, stabilization, 
conditioning, dewatering and disposal. Among them, the dewatering unit is conducted to 
separate the water from the WAS flocs, thereby reducing the total volume of sludge that 
needs to be disposed of. The water in WAS could be classified as free and bound water (Zhen 
et al., 2013). The former combines with the sludge loosely and therefore could be readily 
removed by mechanical dewatering methods. In contrast, the bound water is difficult to be 
removed mechanically because it combines with the sludge structure by capillary forces or 
even chemical bonds. To increase the WAS dewaterability and therefore reduce WAS disposal 
costs, sludge conditioning is widely used as a pretreatment prior to dewatering to transform 
bound water into free water (Huo et al., 2014).  
Many techniques have been investigated for the sludge conditioning process, such as classical 
Fenton reaction, flocculation, acid and physical treatment (Chen & Yang, 2012; Lu et al., 
2003; Luo et al., 2013; Niu et al., 2013; Suhartini et al., 2014; Yuan et al., 2011b). Among 
them, Fenton reaction is promising because it is highly efficient in improving sludge 
dewaterability and harmless to environment (Buyukkamaci, 2004; Lu et al., 2003; Neyens et 
al., 2003b; Neyens et al., 2002). Fenton reaction consists of a series of reactions between 
Fe(II) and hydrogen peroxide under acidic condition (Eqs 5.2-5.11). The reaction generates 
large amount of hydroxyl radicals (HO·) (Eq 5.2), which are highly reactive oxidants. While 
exposing to sludge, the hydroxyl radicals could change the sludge structure through oxidation 
reactions, thereby contributing to the sludge conditioning process and improving the sludge 
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dewaterability (Buyukkamaci, 2004; Dewil et al., 2005; Tony et al., 2009). However, Fe(II) 
salt is easy to be oxidized in the air, and thus hard to be kept (Kallel et al., 2009),which 
makes the conditioning process difficult to operate.  
Compared to Fe(II), zero-valent iron (ZVI) is stable in the air and also much cheaper. ZVI 
could also take part in the Fenton-like reactions under acid condition (Eqs.5.1-5.11). In ZVI-
H2O2 system, ZVI could be oxidized to Fe(II) rapidly by acid due to its highly reductive 
characteristics (Eq. 5.1) (Kallel et al., 2009). Following that, the Fenton reaction is initiated 
by HP and Fe(II) (Bremner et al., 2006; Kallel et al., 2009).   
Fe+ H+ →Fe(II) + H2                                                                                                                            Eq.5.1        
Fe(II)+H2O2→Fe(III)+ •OH+OH -                                        Eq.5.2        
Fe ( I I I )+  Fe→  Fe ( I I )                                                Eq.5.3        
Fe(III)+H2O2→Fe(II)+HO2 • /O2 • -+H+                                               Eq.5.4 
H2O2+•OH→HO2•/O2•-+H2O                                                                                              Eq.5.5 
Fe(III)+HO2•/O2•-→Fe(II)+O2+H+                                                                                                  Eq.5.6 
Fe(II)+•OH→Fe(III)+OH-                                                                                                                  Eq.5.7 
Fe(II)+HO2•/O2•-→Fe(III)+H2O2                                                                                                     Eq.5.8 
HO2•/O2•-+HO2•/O2•-→H2O2+O2                                                                                                     Eq.5.9 
•OH+HO2•/O2•-→H2O+O2                                                                                                                Eq.5.10 
•OH+•OH→H2O2                                                                                                                                 Eq.5.11 
Due to the oxidization capacity caused by the Fenton-like reaction, the combination of ZVI 
and hydrogen peroxide (HP) has been used for the decomposition of refractory organics with 
high removal efficiency achieved. (Bergendahl & Thies, 2004; Kallel et al., 2009; Khan et al., 
2009; Martins et al., 2012). For instance, Kallel et al. (2009) applied the combination of ZVI 
and HP to the treatment of olive mill wastewater at pH 2.0 - 4.0, and achieved removal of 
chemical oxygen demand (COD) by 92%. Martins et al. (2012) also attained 38% removal of 
COD in landfill leachates with combination of HP and ZVI at pH=2.  
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In general, the ZVI and HP system has the similar oxidization capacity to that in the classical 
Fenton system (Özdemir et al., 2010). Therefore, we hypothesized that combined 
conditioning with ZVI and HP could also improve the sludge dewaterability. To verify this 
hypothesis, the conditioning of WAS by the combined ZVI-H2O2 system was systematically 
investigated. Capillary suction time (CST), which is an indicator of dewaterability, was 
measured before and after treatment. This is the first study to evaluate the effect of combined 
conditioning with ZVI and HP on WAS dewaterability. Other parameters like dissolved iron 
concentration arising from ZVI and particles size of WAS were measured. Economic analysis 
was also conducted to assess the economic potential of the proposed novel sludge 
conditioning method. 
In addition, it was hypothesized that WAS pre-treatment by ZVI activated peroxidation 
process could also improve anaerobic methane production as well as the indigenous iron 
activated peroxidation process. Therefore, a series of batch tests were conducted to verify this 
hypothesis. The effect of ZVI activated peroxidation pre-treatment process at 50mg H2O2/g 
total solids (TS), 50 mg ZVI/g TS and pH 2.0 (7 mg indigenous iron/g TS) on biochemical 
methane production was evaluated.  
5.2. Materials and methods 
5.2.1 Batch tests for improvement of sludge dewaterability 
The WAS used in this study was collected from the secondary sedimentation tank of a local 
biological nutrient removal WWTP (Brisbane, Australia). The WAS was settled by gravity for 
48 h to increase the concentration before the tests. The main characteristics of the WAS are 
shown in table 5.1. 
Table 5.1. Main characteristics of WAS 
Iron (mg/L)  
TS (g/L) 
TVS (g/L) 
Solid content (%) 
Moisture content (%) 
COD (mg/L) 
CST (s) 
pH 
109.72 
11.7±0.4 
9.5±0.3 
1.17 
98.83 
12083.2 
31.2±0.7 
6.45 
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Two groups of batch tests were designed to investigate the effects of ZVI and HP 
concentrations on sludge dewaterability. Test group (I) was to investigate the effect of ZVI 
concentration (0 to 750 mg/L, see Table 5.2) while the concentration of HP was kept at 500 
mg/L. Test group (II) was to explore the effect of HP concentration (0 to 750 mg/L, see Table 
5.2) while the concentration of ZVI was kept at 500mg/L. All the tests were conducted in 
duplicate. The HP concentration (0 to 750mg/L) used in this study was selected based on 
Neyens et al. (2004). The ZVI concentration (0 to 750 mg/L) was selected based on 
Buyukkamaci. (2004) and Kallel et al. (2009). The particle size of the ZVI was 200 mesh. 
Table 5.2. Experimental design of the batch tests. 
Group No. pH HP concentration 
(mg/L) 
ZVI concentration 
(mg/L) 
I. Effects of ZVI 
concentration 
 
1 2.0 500 0 
2 2.0 500 50 
3 2.0 500 100 
4 2.0 500 250 
5 2.0 500 500 
6 2.0 500 750 
II. Effects of HP 
concentration 
7 2.0 0 500 
8 2.0 100 500 
9 2.0 250 500 
10 2.0 500 500 
11 2.0 750 500 
 
For each batch test, 100 mL of WAS was added into a 250 mL glass flask. pH of the sludge 
was adjusted to 2.0 by adding sulfuric acid (25%). ZVI powder and HP were then added into 
the flask. The flasks were mixed with an orbital shaker at 100 rpm for 30 min. After the 
treatment, the flasks were transferred onto the magnetic stirrers (Heindolph Model MR 
3000R, at 100rpm), and a stirrer bar was added in the sludge for 3 min to recover the residual 
un-dissolved ZVI particles. After that, the stirrer bar attached with the residual un-dissolved 
ZVI particles was removed from WAS.  
A capillary suction timer (Trition-WPRL, Type 304) was used to indicate the dewaterability 
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of WAS. CST stands for the time needed for the sludge to complete the filtration process. 
CST was applied as the indicator of sludge dewaterability widely due to its simple operation 
and better accuracy (Chen et.al 1996). During the filtration procedure, the sludge was filled in 
a 9 mL stainless-steel funnel under the filter paper. Afterwards, the time needed for filtration 
of sludge was measured. 
For the measurement of the total iron concentration in the sludge before and after the 
treatment, the sludge sample was first digested with 70% nitric acid for 15 min, and then the 
dissolved iron was measured with Inductive Coupled Plasma-Optical Emission Spectroscopy 
instrument (ICP-OES). 
The particle size distribution of sludge was analyzed by Mastersizer 2000 particle size 
analyzer (Malvern Co). The analytical range was from 0.1 to 1000 microns.  
The suspended solids (SS) and volatile suspended solids (VSS) concentrations in the original 
sludge were measured using APHA standard methods (APHA, 1998). 
The improvement of sludge dewaterability was evaluated using the reduction percentage R 
(%) of CST. This is calculated as follows: 
                R (%)= %100
0
0 ×
−
CST
CSTCST e
                                                                      Eq.5.12 
where CST0 stood for the CST of the original sludge (unit); CSTe was the CST after treatment 
(unit). 
The dissolved iron from ZVI is calculated as follows:  
           The dissolved iron from ZVI= Irone-Iron0                                                              Eq.5.13 
The percentage of ZVI that could be recovered was assessed using the ZVI recovery rate. 
This is calculated as follows: 
          ZVI recovery rate (%) = %100
0
00 ×
−+
ZVI
IronZVIIron e
                                    Eq.5.14 
where Iron0 was the original iron concentration in original sludge (mg/L); ZVI0 stood for the 
ZVI addition in sludge (mg/L); Irone was the residual iron concentration in sludge after ZVI 
was recovered through stirrer bar (mg/L).  
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5.2.2 Batch tests for methane production 
The characteristic of the full-scale WAS and inoculum used in this study was detailed in 
section 4.2.2. The processes of pretreatment and biochemical methane potential (BMP) tests 
were also described in 4.2.2. 
 
Five tests were conducted during the experiment. For Test Nos. 1, 2 and 4, pH was not 
controlled and was observed to be 6.9. No hydrogen peroxide and ZVI were added in Test No. 
1, whereas only ZVI was added in Test No. 2 at 50 mg/g TS. Hydrogen peroxide and ZVI 
concentrations in Test No. 4 were 50 mg hydrogen peroxide/g TS and 50 mg ZVI/g TS. For 
Test Nos. 3 and 5, pH was adjusted to 2.0 by 30% hydrochloric acid. Only 50 mg/g TS ZVI 
was added in Test No. 3, whereas both ZVI and hydrogen peroxide was added in Test No. 5, 
resulting in a ZVI and hydrogen peroxide concentration both at 50 mg/g TS.  
 
5.3. Results and discussion 
5. 3.1 Effect of ZVI concentration on sludge dewaterability  
Fig.5.1 shows the effect of ZVI concentration on the sludge dewaterability as well as on the 
concentration of dissolved iron from ZVI. Significant improvement of WAS dewaterability 
was attained in the presence of ZVI and HP at pH 2.0. The CST reduction rate increased from 
31.4% to 50.7% (p<0.05) while the ZVI concentration increased from 0 to 500mg/L. At the 
same time, the dissolved iron from ZVI, which played an important role in the ZVI activated 
Fenton reactions, increased from 0 to 192 mg/L when the ZVI concentration increased from 0 
to 500 mg/L. As shown in Eqs.5.1-2, under acidic condition, ZVI tended to be transferred to 
Fe(II), which could produce hydroxyl radicals after reacting with HP. Obviously, increase of 
ZVI concentration provided more Fe(II) and therefore more hydroxyl radicals could be 
generated from the Fenton reaction. The produced hydroxyl radicals could subsequently 
oxidize flocs and thus improved sludge dewaterability by transforming the bound water into 
free water in sludge. The hydroxyl radicals produced by ZVI-HP process had high oxidation 
efficiency, the removal rate of COD in wastewater could attain 1 g COD/ 1.1 g ZVI + 2 g HP 
(Kallel et al., 2009).  
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Fig. 5.1. Effects of ZVI concentration on WAS dewaterability and on the concentration of 
dissolved iron from ZVI. The concentration of HP was 500 mg/L. pH was 2.0. 
However, a further increase in ZVI concentration from 500 to 750 mg/L didn’t lead to further 
increase of CST reduction (p=0.34) although the dissolved iron from ZVI kept increasing 
(from 192.5 to 256 mg/L). This is likely due to the fact that excess Fe(II) could consume 
hydroxyl radicals by reacting with it (Eq.5.7), thus less hydroxyl radicals would take part in 
the oxidation reactions with target organics/sludge flocs (Martins et al., 2012). The results 
imply that excess addition of ZVI (>500mg/l) could not result in the corresponding 
improvement of sludge dewaterability. 
5.3.2. Effect of HP concentration on sludge dewaterability  
Based on the data from Fig.5.1, ZVI at 500 mg/L was sufficient in terms of improving WAS 
dewaterability. Therefore, the effect of HP concentration was investigated with 500 mg 
ZVI/L. The experimental results (Fig.5.2) showed that the CST reduction increased from 
33.2% to 48.7% (p<0.05) when HP concentration increased from 0 to 250 mg/L, indicating 
that the WAS dewaterability increased with increased HP concentration when HP 
concentration was less than 250mg/L. 
However, while HP concentration increased from 250 to 750 mg/L, no obvious increase of 
CST reduction was found (p=0.618), indicating that WAS dewaterability could not be further 
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improved. This is likely due to the fact that HP could react with the hydroxyl radicals and 
form hydroperoxyl radicals (Eq. 5.5), whose oxidizing capacity was not as effective as 
hydroxyl radicals (Martins et al., 2012). The effect of HP concentration on the concentration 
of the dissolved iron from ZVI was also shown in Fig.5.2. The dissolved iron from ZVI 
increased while the addition of HP increase, ranging from 66.4 mg/L in the absence of HP to 
196.6 mg/L when HP was 750mg/L. 
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Fig. 5.2. Effect of HP concentration on WAS dewaterability and on the concentration of 
dissolved iron from ZVI. The ZVI concentration was 500mg/L. pH was 2.0. 
With the classical Fenton oxidization process on sludge conditioning, the premium CST 
reduction attained was 47%-48.6% (Buyukkamaci, 2004; Tony et al., 2009). Our attained 
CST reduction (48.7%) is similar to these results. 
5.3.3. Decomposition of flocs 
Particles size is an important influencing factor for sludge dewaterability. The combined 
conditioning with ZVI and HP could lead to the decomposition of sludge flocs, as indicated 
by the decreased volume median diameter (d50) (d50 decreased by 5.5%, from 109.5±0.5 µm 
to 103.5±0.6µm) (p<0.001) after conditioning. The decreased particle sizes would facilitate 
the filtration of sludge and therefore improve sludge dewaterability. Feng et al. (2009) 
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applied ultrasound-conditioning process to WAS and found that sludge dewaterability was 
improved with decreased particle sizes, which agreed with our results. The solid content after 
conditioning was also determined, and was found to remain almost unchanged (p>0.05) 
compared with that before conditioning.  
5.3.4. Recovery of ZVI and economic analysis  
During the ZVI-HP treatment process, part of the ZVI was not dissolved and could be 
recovered. Fig.5.3 shows that the ZVI recovery rate increased from 41.4% to 65.9% while 
ZVI concentration increased from 50 to 750 mg/L. In contrast, the ZVI recovery rate 
decreased with the increased HP concentration, falling from 86.7% to 60.7% when the HP 
concentration increased from 0 to 750 mg/L, However, the ZVI recovery rate was found to 
just slightly decrease when the HP concentration was above 500 mg/L, because more addition 
of hydrogen peroxide could lead to the further corrosion of the ZVI, thus less ZVI remains, 
and the recovery rate (amount of remained ZVI/total ZVI addition) decreased. In other words, 
when the highest improvement of WAS dewaterability was attained (i.e. at 500 mg ZVI/L and 
250 mg HP/L), the consumption of ZVI was 124 mg/L. 
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Fig. 5.3. ZVI recovery rate at different ZVI (a) and HP (b) concentrations. In (a), 500 mg/L 
H2O2 was added in all tests. In (b), 500 mg/L ZVI was added in all tests  
The economic analyses of ZVI+HP and classical Fenton conditioning methods were 
conducted and compared using a desktop scaling-up study in a WWTP with a population 
equivalent of 100,000. In the economic analysis, the improvement in WAS dewaterability 
was assumed to be the same for the two conditioning methods. According to the results (see 
Table 5.3), the ZVI+HP conditioning could save up to 92% of the costs compared with the 
classical Fenton conditioning. 
In Australia, the dewatered sludge typically has a solids content of approximately 15% (Wang 
et al., 2013). With a common sludge transport and disposal cost of $55/wet tonne in Australia 
(Wang et al., 2013), the costs for sludge conditioning with ZVI+HP would be completely 
offset if the solid contents of the dewatered sludge increase from 15% to 15.5% after 
conditioning. 
The preliminary laboratory tests reported in this work indicate that the ZVI+HP pre-treatment 
process has the potential to deliver substantial savings to the industry. However, further 
investigation, particularly full-scale trials, is needed to further verify the results 
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Table 5.3. Economic analyses of the ZVI+HP and Fenton conditioning processes for the 
enhancement of sludge dewaterability in an assumed WWTP with a population equivalent of 
100,000a 
Parameters 
 
ZVI+HP conditioningb 
Classical Fenton 
conditioning 
(Fe(II)+HP)b 
Amount of WAS before and 
after conditioning (dry 
tonne/y) 
750 750 
ZVI powder ($/year) 12,800 Not applicable 
Ferrous chloride ($/ year) Not applicable 209,000 
HP ($/year) 16,000 153,600 
Total Cost ($/year) 
 
Total Saving with ZVI+HP 
conditioning ($/year) 
 
   28,800                 362,600 
 
 
333,800 
 
a In the economic comparison, the amount of WAS (on a dry solid basis) after conditioning 
was the same for the two conditioning methods (see Table 5.3). Also, we assumed that the 
improvement in WAS dewaterability was the same for the two conditioning methods 
(Buyukkamaci, 2004; Tony et al., 2009). Therefore, both the mass and the volume of WAS to 
be transported and disposed of for the two methods would be identical, and the total sludge 
transport and disposal costs in the assumed WWTP would be identical as well for the two 
conditioning methods. Consequently, the information about the WAS disposal cost and the 
percentage of WAS after treatment would not affect the economic comparison and was not 
included in Table 5.3. The concentration of hydrogen peroxide (2.4g/L) and Fe(II) (2.4g/L) 
applied in classical Fenton conditioning was from Buyukkamaci. (2004).  
bFor ZVI+HP methods, the Fe and HP addition amounts were set as 500 mg/L and 250 mg/L. 
For the classical Fenton methods, the Fe and hydrogen peroxide concentration were set as 
2.4g/L and 2.4g/L. The prices of ZVI, ferrous chloride, 50% HP are $400, $600, $500 /tonne, 
respectively. 
5.3.5. Effect of ZVI/HP peroxidation pre-treatment on biochemical methane production 
The measured methane production in all tests over the whole BMP test period is detailed in 
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Fig.5.4. Compared to the sludge without pre-treatment, the highest improvement of methane 
production was 6% with the pre-treatment of 50mg/L ZVI+HP under pH=2 on Day 16.Thus, 
the ZVI/HP peroxidation pretreatment did not enhance the methane production significantly. 
It was due to the fact that the presence of ZVI could consume free radicals, which limited the 
effect of sludge peroxidation during the pre-treatment process. 
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Fig . 5.4. Cumulative methane production from waste activated sludge with different pre-
treatment methods (see 5.2.2 for the pre-treatment conditions shown in legend). Error bars 
show standard errors.  
5.4. Conclusions 
The feasibility of the improvement of WAS dewaterability by combined conditioning with 
zero-valent iron and hydrogen peroxide at pH 2.0 was conducted through a series of batch 
tests with full-scale WAS. The waste activated sludge’s dewaterability can be improved 
significantly with the highest capillary suction time reduction rate of 50% attained at 500 mg 
zero-valent iron and 250 mg hydrogen peroxide per litre of sludge. Compared to the Fenton 
reaction method, the zero-valent iron and hydrogen peroxide pre-treatment process could 
recover the ZVI, and the total costs could be saved by over 90%. 
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Chapter 6 Role of extracellular polymeric substances in sludge 
conditioning by Fenton’s reagent 
  
6.1 Introduction 
 
With urbanization and population growth, the disposal of excess sludge has been an 
increasingly challenging issue for wastewater treatment plants treating an ever-increasing 
amount of wastewater. Sludge treatment processes are thus employed to facilitate the final 
disposal. Normally, the sludge treatment process is consisted of thickening, stabilization, 
conditioning, dewatering, and final disposal/reuse. Among them, conditioning is aimed to 
improve the potential of sludge dewaterability thus facilitating the subsequent dewatering 
step, in which the water is separated from the sludge flocs physically and finally decrease the 
sludge volume. 
 
Many approaches have been developed to enhance the sludge dewaterability, including 
physical treatment such as heat or ultrasonic treatment, and chemical addition. Among them, 
Fe(II) activated peroxidation process (sludge treatment with Fenton’s reagent) is considered 
as an effective method for sludge conditioning (Buyukkamaci, 2004; Lu et al., 2003). The 
process is based on the Fenton reactions, in which the hydroxyl radicals are produced by 
hydrogen peroxide while Fe(II) was oxidized into Fe(III) (Eq.6.1). Hydroxyl radicals are 
highly oxidative and could destruct the structure of sludge, leading to the improvement of 
sludge dewaterability. 
Fe(II)+H2O2→Fe(III)+•OH+OH-                                                                                                           Eq.6.1 
The water in sludge is categorized as free water and bound water. The characteristics of free 
water are similar to bulk water, which can be removed mechanically. However, part of the 
bound water binds with sludge flocs by chemical forces such as hydrogen bonds and 
electrostatic interactions, which is termed as interstitial water. Meanwhile, some of the bound 
water was held inside the microorganisms, which is termed as intracellular water. The 
combination between the water and flocs makes the bound water hard to be separated. The 
conventional dewatering process only removes limited amount of water in sludge, resulting in 
the dewatered sludge with 20-25% dry solids (Zhou et al., 2014). The aim of conditioning 
process is to transform bound water into free water, making it easy to be removed. 
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In activated sludge, extracellular polymeric substances (EPS) was secreted by bacteria to 
protect the biomass from the external environment. EPS could be further divided as tightly 
bound EPS and loosely bound EPS according to its combination strength with the cells. As 
the most abundant components, EPS normally accounts for 80% of the total mass (Zhou et 
al., 2014). The amount of EPS and its distribution have been found to influence the sludge 
dewaterability (Neyens et al., 2004). It was reported that the loosely bound EPS plays a more 
important role than tightly bound EPS on the sludge dewaterability (Yang & Li, 2009). The 
EPS is comprised of polysaccharides, proteins and DNA etc. Among them, both 
polysaccharides and proteins correlate with the sludge dewaterability characteristics (Neyens 
et al., 2004). 
 
Although the influence of EPS on sludge dewaterability have been observed for a long time, 
the details of its role are still unclear and controversial. Different mechanisms were proposed 
based on different experimental results. For the Fe(II) activated peroxidation process, the 
possible mechanisms includes flocculation of fine particles by Fe(II) and H+, oxidization of 
flocs, destruction of loosely bound EPS and the destruction of tightly-bound cells (Li & Yang, 
2007; Zhen et al., 2013). However, it is still unknown which is the primary mechanism in 
improving dewaterability. 
 
When investigating the change of sludge dewaterability, most of the previous studies focused 
on the change of EPS distribution in sludge before and after the treatment process (Li & 
Yang, 2007; Zhen et al., 2013). However, the change of EPS characteristics during the 
treatment process was not be determined by previous studies. To our knowledge, no studies 
have investigated the impacts of Fenton’s reagent on the extracted EPS from sludge, which is 
essential for understanding the mechanisms of sludge dewaterability. 
 
The aim of the study is to evaluate the different possible mechanisms involved in the 
conditioning processes and identify the primary mechanism for explaining the improvement 
of sludge dewaterability using Fenton’s reagent. In this study, the characteristics change of 
both extracted EPS (loosely-bound EPS) from waste activated sludge (WAS) and the waste 
activated sludge itself subjected to Fe(II) activated peroxidation were measured. The results 
were discussed to obtain some prospects on the potential mechanisms. 
6.2 Materials and methods 
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6.2.1 Sludge sources and chemicals 
Full-scale waste activated sludge from Luggage Point wastewater treatment plant (Brisbane, 
Australia) was used in this study. The sludge was collected from the secondary clarifier. The 
main characteristics of the WAS are shown in Table 6.1. 
The concentration of H2O2 stock solution (Chem-Supply) was 30% w/w. To adjust the pH of 
sludge to levels required by batch tests, hydrochloric acid (Sigma-Aldrich Co, 1M) was used. 
Analytical grade FeCl2·4H2O (Sigma-Aldrich) was dissolved in milliQ water to prepare the 
Fe2+ stock solution at 20g Fe2+/L. Strong acid cation resin in sodium form (Dowex Marathon 
C) was used to extract the EPS. 
 
Table 6.1.Main characteristics of WAS 
Total solids(TS) (g/L) 
Totalvolatile solids (TVS) (g/L) 
Capillary suction time (CST) (s) 
pH 
Total chemical oxygen demand 
(TCOD) (g/L) 
8.5±0.3 
7.0±0.2 
20.3±0.6 
6.8 
8.2±0.2 
 
6.2.2 Batch tests 
For the extraction of EPS from anaerobic sludge, cation exchange resin (CER) technique was 
applied (Frølund et al., 1996). Sludge sample (500ml) were centrifuged for 15min under 4℃
at 2000g. Then the pellet was dissolved in buffer solution composed by NaCl, Na3PO4, 
NaH2PO4 and KCl at pH=7.0. The resin was then added by the ratio of 70g CER/g SS, the 
mixture was stirred for 6 hours at 600rpm under 4°C. Then the mixture was settled for 5 min 
to remove the resin, following that, the solution was centrifuged for 20min under 4°C at 
12000g. After that, the supernatant was filtered by 0.45 µm filters and the EPS was extracted. 
The TCOD of the extracted EPS was 681.4mg/L. 
For investigating the effect of Fenton reagent on the extracted EPS and WAS, two groups of 
batch tests were conducted (Table 6.2). Test group I and II were carried out to explore the 
effect of Fenton reagent on extracted EPS and WAS, respectively, at pH=3. For both group 
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tests, the concentration of hydrogen peroxide and Fe(II) was kept at 44mg/g TCOD EPS and 
29mg/g TCOD EPS, respectively. The addition amount of both hydrogen peroxide and Fe(II) 
used in this study was comparable to what was used in previous works (Neyens et al., 2004). 
For each batch test, 100 mL of WAS or extracted EPS was added into a 250 mL glass flask, 
pH of sludge and EPS was adjusted to 3 with the addition of hydrochloric acid (1M). 
Hydrogen peroxide and Fe(II) salts were added to achieve the specified concentrations in 
Table 6.2. The mixture was then stirred by a magnetic stirrer (Heindolph Model MR 3000R) 
at 100 rpm for 30 min. All the tests were done in triplicate. 
Table 6.2. Experimental design of the batch tests. 
Group Treated 
substance 
Test 
No. 
pH Hydrogen peroxide (mg/L) Fe(II)(mg/L) 
I EPS 
1 3.0 0 0 
2 3.0 30 0 
3 3.0 30 20 
II WAS 
4 3.0 0 0 
5 3.0 360 0 
6 3.0 360 240 
 
6.2.3 Analytical methods 
Capillary suction time (CST) is commonly used as an indicator of sludge dewaterability and 
stands for the time needed for the completion of sludge filtration process. For measuring the 
dewaterability of WAS, capillary suction timer (Trition-WPRL, Type 304) was used with the 
method detailed by Zhou et al. (2014). For measuring the dissolved composition (SCOD, 
Protein and Polysaccharide) in original sludge and EPS, the samples were filtered by 0.45 
mm filters (Millex Co). The polysaccharide and protein from EPS and filtrate was measured 
by phenol-sulfuric method (Dubois et al., 1956) and Lowry method (Lowry et al., 1951), 
respectively.  
The extracted EPS solution before and after treatment was analyzed by Malvern Zetasizer 
Nano ZS (analytical range 0.3nm – 10 microns) for its particle size distribution. The particle 
size distribution of sludge before and after conditioning was analyzed by Mastersizer 2000 
particle size analyzer (Malvern Co), with the analytical range from 0.1 to 1000 microns.  
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A Nicolet 5700 FTIR spectrometer (Thermo Electron) was used with the smart orbit diamond 
ATR accessory to measure the ATR-FTIR spectra of dried sludge powder and freeze-drying 
EPS powder. Aqueous gel permeation chromatography (GPC) was used to measure the 
molecular weight of the extracted EPS as well as the filtrate of the treated EPS by Fenton’s 
reagent. This was measured by an Agilent Aqueous GPC 1260 Infinity system with two 
Agilent Aqua gel PL Aquagel–OH mixed-M, 8 micron columns. The molecular weights 
(Mw) range was 160 to 600,000 Da. 
Both total solids (TS) and Total volatile solids (TVS) concentrations in the original WAS 
were measured according to the APHA standard methods(Association, 1998). 
6.3 Results 
6.3.1 Changes of extracted EPS by conditioning treatments 
Table 6.3 shows the changes of extracted EPS (loosely-bound EPS) before and after the 
conditioning process. Protein and polysaccharide, as the main components of the extracted 
EPS, decreased by different extent after the addition of acid, hydrogen peroxide and Fenton’s 
reagent for batch test 1-3, respectively. The concentration of protein and polysaccharide 
decreased most after the addition of Fenton’s reagent, while the acid addition and the 
combination of acid and hydrogen peroxide decreased less. The effectiveness of the treatment 
is in a consistent order of Fenton’s reagent >acid + H2O2> acid only, for the decrease of 
TCOD, protein and polysaccharide. The reduction of protein and polysaccharide in the 
presence of Fenton reagents attained 45.7% and 37.9%, respectively. Meanwhile, the TCOD 
of the EPS also decreased 42.6%, which is comparable to reduction percentage for the protein 
and polysaccharide.  
 
 
Table 6.3. Main characteristics of the batch tests on extracted EPS (average ± standard 
deviation) 
 
TCOD (g/L) Protein (mg/L) Polysaccharide 
(mg/L) 
Original EPS 
Batch test 1 
Batch test 2 
0.68±0.02 192.2±5.2 70.2±1.3 
0.48±0.02 125.8±1.8 54.3±0.4 
0.42±0.01 121.7±5 52.3±0.6 
Batch test 3 0.39±0.01 104.4±3.1 43.6±0.8 
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Furthermore, the change of the protein and carbohydrate after the peroxidation treatment by 
Fenton’s reagent was measured by GPC (Fig. 6.1). According to the signals acquired by UV 
detector for protein, it was found that the peak II shifted to 17.9min from 17.6min after the 
treatment by Fenton’s reagent. At the same time, the macromolecules decreased from 7064 
Da to 5485 Da. Similarly, after the treatment of Fenton reagent, signals from RI detector 
(polysaccharide) showed the peak I at 15.9min was shifted to 16.1 min, and the peak II at 
17.9 min was shifted to 18.1min, while the macromolecules decreased from 14789 Da and 
1789 Da to 12071 Da and 1595 Da for peak I and II, respectively. Furthermore, both the 
intensity of Peak II from RI and UV detector increased obviously, which implied the 
reduction of large molecules after treatment with Fenton’s reagent. The results showed the 
impact of the advanced oxidization process on the EPS. According to Neyens et al. (2004), 
the peroxidation treatment changed the EPS structure by acid hydrolysis and 
depolymerization, which resulted in the decomposition of EPS. 
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Fig. 6.1 Molecular weight distribution in EPS before and after the conditioning with Fenton’s 
reagent by (a) UV detector and (b) RI detector. 
As shown in Fig. 6.2, the distribution of particles varied obviously after the conditioning 
treatments. The average diameter of the EPS increased from 183nm to 435nm and 517nm, 
after treatment by acidification (pH=3) and peroxidation (30 mg/L at pH=3), respectively. 
This showed that the addition of H+ could induce the flocculation of EPS. Furthermore, the 
addition of Fenton’s reagent caused the formation of much bigger particles than other 
conditioning treatments, reaching 1652nm (about 10 times of the control diameters).This was 
likely due to the mitigated electrostatic repulsion between fine EPS particles under acid 
condition, together with the further aggregation of EPS by the binding capacity of Fe(II) to 
proteins (Neyens et al., 2004). 
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Fig. 6.2 Particle size distribution of the extracted EPS before and after different conditioning 
treatments. 
The changes of FTIR spectra during the batch tests were also investigated. According to the 
results, the FTIR spectra changed obviously after the adjustment of pH to 3. However, no 
further change was found after the addition of hydrogen peroxide and Fenton’s reagent. As 
shown in Fig.6.3, some functional groups disappeared including the peak at 700cm-1, 833 cm-
1 and 1337cm-1. The peak at 1337 cm-1 was related to the C-H stretches which were 
associated with amines and lipids. The change of peaks in the fingerprint region (600-900 cm-
1) implied the decomposition of aromatic amino acids or nucleotides (Badireddy et al., 2010). 
It was possible that the Fenton’s peroxide processes could decompose the EPS, but didn’t 
specially react with the functional groups. 
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Fig. 6.3 FTIR spectra of extracted EPS before and after the acid addition. 
 
6.3.2 Changes of sludge by conditioning treatments 
 
Table 4 shows the changes of sludge dewaterability and EPS components due to the different 
conditioning treatments in test group II. It is clear that the sludge dewaterability was 
enhanced after the addition of Fenton’s reagent, with CST reduced by 38.4%. On the other 
hand, the acid addition and the combination of acid and hydrogen peroxide also improved the 
sludge dewaterability by 15.3% and 20.7%, respectively. The advanced oxidization process 
attained better treatment efficiency than the addition of acid or hydrogen peroxide alone. The 
results were in accordance with other works which used Fenton’s reagent (Fe2+/H2O2) to 
improve the dewaterability of biological sludge (Buyukkamaci, 2004). 
 
Table 6.4.Main characteristics of the batch tests on WAS (average ± standard deviation) 
 
 
CST 
(s) 
SCOD (g/L) Protein (mg/L) Polysaccharide 
(mg/L) 
Original WAS 
Batch test 4 
Batch test 5 
20.3±0.6 0.08±0.01 24.2±0.5 3.3±0.2 
17.2±0.3 0.18±0.01 47.7±3.6 36.1±1.7 
16.1±0.3 0.22±0.01 52±2.7 42.2±0.2 
Batch test 6 12.5±0.7 0.26±0.02 108.5±13.4 50±0.5 
 
The filtrate from original and treated WAS also showed significant changes after the batch 
tests. The concentrations of SCOD, protein and polysaccharide all increased significantly, by 
a factor of 3, 5, and 15 for Fenton’s reagent, respectively. The results suggest that significant 
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decomposition of sludge flocs occurred during the treatment processes, alongside with the 
improvement of sludge dewaterability.  
 
In contrast, the particle size distribution of WAS only changed slightly after the treatments 
(data not shown). It was found the acid addition enhanced slightly the aggregation of flocs 
due to the presence of H+. The medium particle parameter increased from 107µm to 109µm. 
Also, the addition of hydrogen peroxide and Fenton’s reagent caused negligible changes to 
the medium particle parameter, at 107 and 105 µm, respectively. This observation is likely a 
result of two counteracting processes: floc aggregation and decomposition. The oxidization of 
flocs by the formation of hydroxyl radicals, which are capable of decomposing the flocs into 
smaller particles, counteracting to the aggregating effects of H+. 
 
The FTIR spectra for the WAS before and after the conditioning treatments were also carried 
out to investigate the surface characteristics of the sludge. In contrast to that observed for the 
extracted EPS, no significant change on WAS was found after the acid addition and Fenton 
reagents addition (Fig. 6.4). This implies the functional groups on the sludge floc surface 
were not influenced by the addition of Fenton’s reagent sat the levels used in the batch tests.  
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Fig. 6.4 FTIR spectra of WAS before and after treatment 
 
6.4 Discussion 
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Due to the complex structure and composition of WAS, several mechanisms were likely 
involved in the enhancement of sludge dewaterability. On the other hand, the role of 
extracellular polymeric substances is still controversial although it is widely accepted that 
EPS affects the sludge conditioning effectiveness.  
It has been well recognized that the effect of loosely-bound EPS had a significant effect on 
the sludge dewaterability. Li and Yang (2007) found the loosely-bound EPS concentration 
linked with sludge dewaterability negatively. Due to its high hydrophilicity, the loosely-
bound EPS contain a high level of bound water. Furthermore, excess loosely-bound EPS 
could lead to the deterioration of dewaterability due to its worse binding ability with flocs, 
which could also hinder the sludge conditioning process.  
This study found that extracted EPS from sludge was oxidized and degraded by the Fenton’s 
reagent. The decomposition was mainly occurring with the loosely-bound EPS during the 
peroxidation process, because the loosely bound EPS was similar to the extracted EPS in this 
study, and it was found that the characteristics changed a lot after the addition of Fenton 
reagent. At the same time, according to the results of the WAS after the addition of Fenton 
reagent, the tightly bound EPS didn’t change obviously.  Under the same treatment conditions 
for the extracted EPS with Fenton’s reagent, the dewaterability of WAS was also improved. 
The results suggested that, according to the reactions between EPS and H+/Fe(II), the 
decomposition of loosely-bound EPS in sludge during the peroxidation contributed to the 
improvement of sludge dewaterability, which is in accordance with the previous works. 
The tightly-bound EPS and cells also contained bound water. However, itsrole on the sludge 
conditioning process is unclear and controversial. Xu et al. (2011) reported no correlation 
between the tightly-bound EPS and sludge dewaterability. However, Zhen et al. (2013) found 
the decomposition of tightly-bound EPS and cells contributed significantly to sludge 
dewaterability improvement through electrolysis and Fe(II)-activated persulfate oxidation. 
The process was claimed to cause the decomposition of the tightly-bound EPS around the 
cells, and the further rupture of cells. During the decomposition process, the bound water 
contained in the tightly-bound EPS and cells were released as the form of free water, which 
collectively enhanced the sludge dewaterability. The concentration of soluble protein and 
polysaccharide increased due to the decomposition of EPS and cells. 
 
Using the same concentrations of the Fenton’s reagent with extracted EPS and WAS, this 
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study found the increase of polysaccharide in the sludge filtrate are not equal to the decrease 
of these components in the loosely-bound EPS, i.e. 46.7mg/L in comparison to 26.6mg/L for 
polysaccharide. The measured concentrations of dissolved polysaccharide in sludge filtrate 
should be lower than the decrease of loosely-bound EPS if part of EPS were degraded. 
However, the actual concentrations of polysaccharide in filtrate were significantly higher than 
the decrease of LB-EPS. The results implied that the tightly-bound EPS and cells were also 
decomposed during the peroxidation process, causing the release of intracellular water. On 
the other hand, the decrease of protein in loosely-bound EPS was similar to the increase in 
sludge filtrate. Normally, the decrease and increase percentage of protein and polysaccharide 
should be similar. As shown in Table 6.2, the decrease of protein and polysaccharide was 
46% and 38%, respectively. However, the increase of protein and polysaccharide for sludge 
treated by the Fenton’s reagent increased by a factor of 5 and 15, respectively. The increase of 
polysaccharide was much higher than protein. This might be due to the protein in sludge could 
be re-aggregated into bigger particles due to the presence of Fe(II) and sludge floc surfaces, 
which caused the measured protein in filtrate lower than the actual decomposition of flocs. 
Collectively, the tightly-bound EPS and cells were also involved in the peroxidation process 
and contributing significantly to the improvement of dewaterability by the Fenton’s 
peroxidation conditioning. 
 
The particle size distribution of WAS and EPS was changed by the conditioning treatments. 
Some researchers reported the flocculation of sludge could improve the sludge dewaterability 
due to the decrease of fine particles, which enhances the sludge filterability (Neyens et al., 
2004). In contrast, some work showed the decrease of medium particle diameters enhanced 
the sludge dewaterability instead (Feng et al., 2009). The current study found that the 
diameter of extracted EPS increased after the peroxidation process, likely due to the 
flocculation effects of H+ and Fe(II). However, the overall particle size distribution of WAS 
was barely changed after treatment under similar conditions. Possibly, two kinds of 
mechanisms were involved during the process: one was the flocculation by cations, and the 
other was the oxidization of flocs by hydroxyl radicals. For the WAS treated with Fenton’s 
reagent, the oxidization process offset the effect of flocculation. Due to the limited change of 
particle distribution in WAS, its role on sludge dewaterability was insignificant. 
It was reported that functional groups on the surface of sludge flocs influence the sludge 
dewaterability and stability of flocs (Liao et al., 2002). In this study, no obvious change was 
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found on the FTIR spectra of the WAS and extracted EPS after the addition of Fe(II) and 
hydrogen peroxide. 
In general, the effect of Fenton’s reagent on sludge dewaterability was investigated through 
the measurement of changes of waste activated sludge and extracted EPS induced by the 
treatment with Fenton’s reagent. Different mechanisms for improving sludge dewaterability 
were analyzed based on the changes of characteristics on WAS, extracted EPS and their 
relations to dewaterability. It was found that Fenton peroxidation improves dewaterability 
primarily through the decomposition of loosely-bound EPS due to the decreased of protein 
and polysaccharide, and partly through the decomposition of tightly-bound EPS and cells, 
with other possible mechanisms played a minor role. 
6.5 Conclusions 
The role of extracellular polymeric substances during the sludge conditioning process by 
Fenton’s reagent was investigated through a series of batch tests. The decreases of proteins 
and polysaccharides from extracted EPS after Fenton’s conditioning was less than the 
increases of soluble protein and polysaccharide from treated sludge, which was accompanied 
with the increase of dewaterability. The increased dewaterability was thus likely achieved 
through the destruction of both EPS (including loosely-bound and tightly-bound EPS) and 
cells by Fenton’s conditioning. It was suggested that other mechanisms such as flocculation 
and oxidization of floc particles played a secondary role. 
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Chapter 7 A novel conditioning process for enhancing 
dewaterability of waste activated sludge by combination of 
zero-valent iron and persulfate 
7.1.Introduction 
The activated sludge process is the most widely used wastewater treatment technology. 
Despite its high efficiency in removing organic substances and macronutrient, substantial 
amounts of waste activated sludge (WAS) are also produced, which must be treated and 
disposed of. However, WAS treatment and disposal is expensive, representing up to 60% of 
the total operating costs of a wastewater treatment plant (WWTP) (Canales et al., 1994). 
The typical WAS treatment and disposal process consists of thickening, stabilization, 
conditioning, dewatering and disposal. Among them, conditioning is conducted to improve 
the WAS dewaterability. The improved WAS dewaterability will facilitate the separation of 
water from WAS flocs, thereby reducing the WAS volume that needs to be disposed of and 
thus reducing WAS disposal costs. Nowadays, many techniques have been developed for 
sludge conditioning, including heating, freezing/thawing, acid/alkaline treatment, flocculation 
agent addition and advanced oxidization (Chen & Yang, 2012; Feng et al., 2009; Yuan et al., 
2011b). Among them, advanced oxidization process is a promising technique due to its high 
efficiency and economical advantage (Dewil et al., 2005; Neyens et al., 2003b; Zhen et al., 
2013). 
Classical Fenton reaction is a common advanced oxidization method. Fenton reaction 
includes a series of reactions between Fe(II) and hydrogen peroxide under acidic condition. 
The reaction generates large amounts of hydroxyl radicals (HO·), which are highly reactive 
oxidants (Kato et al., 2014). As the hydroxyl radicals could effectively change the WAS 
structure and decompose the microorganisms via oxidation, thereby transforming the bound 
water into free water, the WAS dewaterability could be improved after being exposed to 
hydroxyl radicals. This is because that the free water can be removed much more easily 
during the dewatering process compared with the bound water. However, the classical Fenton 
methods have several drawbacks, such as the instability of the chemicals (i.e. Fe(II) and 
hydrogen peroxide), the requirement of the harsh operating conditions (i.e. pH at 3.0) and the 
corrosion caused by hydrogen peroxide (Zhou et al., 2014). Compared to hydrogen peroxide, 
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persulfate salts are safer and easier to store and transport. Furthermore, it could be catalyzed 
by iron under neutral pH condition rather than under acidic condition. Similarly, zero valent 
iron (ZVI) is also more stable and economical than the Fe(II) salt (Liu et al., 2012; Liu et al., 
2011a). Both persulfate and ZVI could be applied to advanced oxidization reaction system. In 
the persulfate-ZVI system, the persulfate ions could oxidize ZVI to Fe(II) (Eq.7.1). After that, 
Fe(II) could reduce persulfate ions, with the simultaneous generation of the strong oxydic 
sulfate radicals (Eq.7.2). 
Fe+S2O82-→Fe(II)+2SO42-                                                                                             Eq. 7.1 
Fe(II)+ S2O82-→Fe(III)+ SO42-+•SO4-                                                                            Eq.7.2 
Compared to hydroxyl radicals, the sulfate radicals (•SO4-) has a higher oxidation potential 
(Zhen et al., 2012a),which makes the oxidization reactions with WAS easy to start. In recent 
years, the persulfate-ZVI system has been used to decompose refractory organics in liquid, 
such as dyes and p-chloroaniline (PCA). For example, Hussain et al. (2012) reported that 
100% of the PCA in solution could be degraded with the addition of 2.5mM persulfate and 
5g/L ZVI. Le et al. (2011) also found that the color removal efficiency of dye (RB19) could 
be up to 100% and the total organic carbon removal could reach 54% with the addition of 
10mM persulfate and 0.8g/L ZVI. 
We hypothesize that the combined ZVI-persulfate system could improve the sludge 
dewaterability based on its oxidization characteristics. To verify this hypothesis, this study 
systematically investigated the effect of the ZVI-persulfate system on the dewaterability of 
WAS. This is for the first time that the ZVI-persulfate system was applied to sludge 
conditioning for improving WAS dewaterability. Capillary suction time (CST), which is an 
indicator of dewaterability, was measured before and after treatment. Dissolved iron 
concentration and soluble COD were measured. Economic analysis was also performed to 
assess its economic potential. 
7.2 Materials and methods 
7.2.1 Sludge sources and chemicals 
The WAS used in this study was collected from a local biological nutrient removal WWTP 
(Brisbane, Australia). To increase the concentration, the WAS was settled by gravity for 48 h. 
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The total solids (TS) and volatile solids (VS) of the WAS were 7.9±0.2 g/L and 6.6±0.3 g/L, 
respectively. The total chemical oxygen demand (TCOD) was 7.9 g/L. The CST was 
20.5±0.9s, and the pH was 6.70. The solid retention time (SRT) was 15 d (Wang et al., 2013) 
and the organic load to the WWTP was 0.22 kg BOD/kg MLVSS/d. 
7.2.2 Batch tests 
To investigate the effect of the ZVI and persulfate concentrations on sludge dewaterability, 
two groups of tests were designed (Table 7.1). Test group I was to investigate the effect of 
ZVI concentration (0 to 30 g/L, see Table 7.1) while the concentration of persulfate was kept 
at 4 g/L. Test group II was to explore the effect of persulfate concentration (0 to 6g/L, see 
Table 7.1) while the concentration of ZVI was kept at 15 g/L. The persulfate and ZVI 
concentration ranges were selected based on Zhen et al. (2012a) and Le et al. (2011). All the 
tests were performed in duplicate. 
        Table 7.1. Design of the laboratory batch tests. 
Group No. Persulfate 
concentration 
(g/L) 
ZVI concentration 
(g/L) 
I. Effects of ZVI 
concentration 
 
1 4 0 
2 4 2 
3 4 5 
4 4 7.5 
5 4 15 
6 4 30 
II. Effects of 
persulfate 
concentration 
7 0 15 
8 0.4 15 
9 0.8 15 
10 2 15 
11 4 15 
 12 6 15 
For each test, 100 mL of WAS was transferred into a 250 mL flask, following which ZVI and 
persulfate were added into the flask. The flasks were then mixed with an orbital shaker at 100 
rpm for 30 min. After the treatment, the CST was measured according to the methods detailed 
in 7.2.3. The flasks were then transferred onto the magnetic stirrers (Heindolph Model MR 
3000R, 100rpm), and a stirrer bar was added in each flask for 3 min to recover the residual 
un-dissolved ZVI particles what could be attached on the stirrer bar by magnetic force. After 
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that, the attached residual ZVI particles were removed from the sludge with the stirrer bar.  
A capillary suction timer (Trition-WPRL, Type 304) was applied to indicate the sludge 
dewaterability. CST is commonly used as an indicator of the sludge dewaterability, which 
could assess the time needed while the water in sludge permeated the filter paper.  
Inductive Coupled Plasma-Optical Emission Spectroscopy instrument (ICP-OES) was used to 
measure the total iron concentration in the sludge samples. Before performing the 
measurement, the samples were digested by 50% nitric acid for 15 min. 
The TS and TVS concentrations of the WAS were measured according to the APHA standard 
methods (APHA, 1998). COD was measured with COD cuvette tests (Merck, range 500 – 
10000 mg/L). The COD samples were pre-treated by oxidization and heating, then measured 
with a spectrophotometer. 
7.2.3 Data analysis 
The enhancement of sludge dewaterability was presented as the reduction percentage R (%) 
of CST, which is calculated as below: 
R (%)= %100
0
0 ×
−
CST
CSTCST e
                                                                                          Eq. 7.3 
where CST0 is the original CST value before treatment; CSTe is the CST after the treatment. 
The dissolved iron from ZVI (mg/L) is calculated as follows: 
The dissolved iron from ZVI= Irone-Iron0 
In this equation, Iron0 stands for the indigenous iron concentration in the original sludge 
(mg/L), and Irone is the total iron concentration in the mixture after the removal of ZVI with 
the stirrer bar (mg/L). 
The percentage of ZVI that was dissolved is calculated as follows: 
ZVI dissolving percentage (%) = %100
0
0 ×
−
ZVI
IronIrone
                                                 Eq. 7.4 
ZVI0 is the amount of ZVI added in sludge (mg/L).  
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7.3 Results and discussion 
7.3.1 Effect of ZVI concentration on sludge dewaterability 
Fig. 7.1 showed the effect of ZVI concentrations on the sludge dewaterability. The WAS 
dewaterability increased significantly in the presence of persulfate and ZVI. The CST 
reduction percentage increased from 4.2% to 50.2% (P<0.05) while the ZVI concentration 
increased from 0g/L to 15g/L. At the same time, the concentration of dissolved iron from 
ZVI, which played an important role in the catalysis of the advanced oxidization reactions 
and the production of sulfate radicals (see Eq. 7.1), also increased from 0 to 222mg/L. 
According to Fig. 7.1, when ZVI concentration was increased from 0g/L to 5g/L, the CST 
reduction percentage increased marginally (4%-17%), and the dissolved iron was also very 
low (0-78mg/L). That may be due to the low addition of ZVI limited the oxidization process. 
When the ZVI concentration was increased from 5g/L to 15g/L, the increased ZVI 
concentration provided larger contact areas with persulfate, and therefore more Fe(II) (up to 
222mg/L) was released during the oxidization process (Eq.7.1). The released Fe(II) finally 
lead to more production of sulfate radicals (Eq.7.2). After that, the produced sulfate radicals 
oxidized the sludge flocs and microorganisms. During the process, the bound water was 
transformed into free water, thereby improving WAS dewaterbaility (Zhen et al., 2012a). 
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Fig. 7.1. Effects of ZVI concentration on WAS dewaterability, along with the dissolved iron 
concentration from ZVI. The concentration of persulfate applied in the treatment was 4g/L.  
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However, a further increase in ZVI concentration from 15 to 30g/L failed to further improve 
the sludge dewaterability, although the dissolved iron from ZVI increased from 222 to 450 
mg/L. This might due to the fact that the excess addition of ZVI (>15g/L) could consume the 
persulfate according to Eq.7.1, which produced the non-oxydic sulfate ions (SO42-). 
Therefore, the production of oxydic sulfate radicals (•SO4-) decreased compared with the ZVI 
concentration at 15g/L.  
The reduction percentage of CST attained was 50% while the addition of persulfate and ZVI 
was 4g/L and 15g/L, respectively. Such a CST reduction percentage attained by the 
persulfate-ZVI treatment is similar to that achieved with the classical Fenton oxidization 
process (Buyukkamaci, 2004). This is only the first step to investigate the proposed strategy. 
Therefore, only CST was used to evaluate the WAS dewaterability in this study. However, dry 
solids content is also important for characterizing the degree of dewatering, and will be 
applied in the future study. 
 
7.3.2. Effect of persulfate concentration on sludge dewaterability 
As shown in Fig.7.1, ZVI at 15 g/L was sufficient for improving WAS dewaterability. 
Therefore, the effect of persulfate concentration on sludge dewaterability was conducted at an 
ZVI concentration of 15g/L. Fig. 7.2 showed that the CST reduction percentage increased 
from 11.4% to 50.2% (P<0.05) while the persulfate concentration increased from 0 to 4g/L. A 
sharp changed occurred when the persulfate concentration was increased from 2g/L to 4g/L, 
with the sludge dewaterability increased significantly from 15.9% to 50.2% (P<0.05) with the 
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Fig. 7.2. Effect of persulfate concentration on WAS dewaterability, along with the dissolved 
iron from ZVI. The ZVI concentration was 15g/L.  
Thus, further tests were conducted with the WAS from the same WWTP with the persulfate 
concentrations ranging between 2 and 4 g/L by 0.5g/L at a ZVI concentration of 15g/L to 
further determine the optimum persulfate concentration. The results showed that the highest 
CST reduction rate was achieved at 4g persulfate/L. Therefore, the optimum persulfate 
concentration is approximately 4 g/L. 
It was also interesting that a CST reduction of 11.4% was attained while only ZVI was added 
(i.e. persulfate concentration was zero) in WAS. The improvement to dewaterability is likely 
due to the fact that ZVI is a highly reductive material, and thus could decompose sludge flocs 
and change its structure. 
However, when the persulfate concentration increased from 4g/L to 6g/L, the sludge 
dewaterability decreased slightly from 50.2% to 45%. It has been reported that excess 
addition of persulfate has no further effect on the acceleration of the Fenton-like processes 
(Zhen et al., 2012a). Also, as the higher concentration of dissolved iron (Fe(II)) from ZVI 
would be produced while the persulfate addition was 8g/L, they would react with sulfate 
radicals (Eq.7.5) and therefore lead to the depletion of sulfate radicals.  
Fe(II)+•SO4-→Fe(III)+SO42-                                                                                          Eq.7.5 
7.3.3. Decomposition of WAS 
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To show the decomposition of sludge structure and microorganisms, SCOD was measured as 
an indicator of sludge decomposition during the oxidization process (Yu et al., 2009) It has 
been reported that the bound water is held by the sludge flocs and microorganisms (Zhen et 
al., 2012a), and could be released when the structure and/or microorganisms was 
decomposed. Therefore, the release of SCOD could partly reflect the change of sludge 
dewaterability. When the persulfate and ZVI concentrations were 4g/L and 15g/L, 
respectively, the SCOD of WAS was 56.4mg/L before the treatment, and after the treatment, 
the SCOD increased to 295.1mg/L. That implied the oxidization processes facilitated the 
decomposition of WAS and released the bound water. The results agreed with the study of Yu 
et al. (2009), who found that the sludge dewaterability improved with the release of SCOD 
due to the decomposition of sludge flocs and microbes caused by irradiation of microwaves. 
7.3.4. ZVI recovery and economical analysis  
Compared to the Fe(II)-persulfate method, the ZVI-persulfate method used in this study is a 
novel oxidization method and has several advantages. ZVI is stable in the air and also much 
cheaper compared to Fe(II). Also, Fe(II) will be exhausted completely in the advanced 
oxidization process, whereas the ZVI could be recycled. It’s possible to use the 
electromagnets to separate the ZVI from sludge, which is used widely for the recycling of 
iron from waste (Zanetti & Godio, 2006). 
According to the data shown in Fig.7.1, when the persulfate concentration was 4g/L, the 
dissolved fraction of the ZVI added ranged from 1.5% to 2.8%. Similarly, when the ZVI 
concentration was 15g/L, the dissolved percentage of iron was between 0.1% and 3.1% when 
the persulfate concentration was between 0.4 and 6g/L. Therefore, only a very small amount 
of ZVI was dissolved during the treatment process, and the majority of the ZVI could be 
recovered. This could deliver substantial savings in the persulfate-ZVI treatment process.  
To compare the economic cost of the persulfate+ZVI conditioning process with the traditional 
Fenton conditioning process, a desktop scaling-up study was performed based on a WWTP 
with a population equivalent of 100,000.  
According to Buyukkamaci (2004), the highest reduction percentage of CST by the classical 
Fenton conditioning process was 48.6%, which is similar to our results (50.2%). Both kinds 
of the sludge had similar origins as well as similar characteristics, such as pH and CST/VS. 
Thus, the results from the two studies can be comparable. Thus in the economic analysis, it 
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was assumed that both kinds of conditioning processes had the same efficiency on the 
enhancement of sludge dewaterability (50%). in the economical analysis, the improvement to 
the WAS dewaterability was assumed to be the same for both kinds of methods. According to 
the results (see Table 7.2), the persulfate+ZVI conditioning process could save up to 29% 
($155,600 per year) of the costs compared with the classical Fenton conditioning process. 
Compared to the ZVI activated peroxidation process in section 5.3.4, the persulfate+ZVI 
conditioning process could save less money. However, the two methods could be operated 
under different conditions. The ZVI activated peroxidation process has to be operated under 
low pH condition. Such harsh operating condition requires it to be operated by skilled staff as 
well as using special devices. The persulfate+ZVI conditioning process could be operated 
under good conditions, thus it could be economical in terms of the labor and device costs, 
which was not included in this analysis. 
In summary, preliminary laboratory tests shown in this work indicate that the persulfate+ZVI 
conditioning process could be an economical method for improving WAS dewaterability. 
However, further investigation is still needed, especially for its possible application to full-
scale sludge. 
Table 7.2. Economic analyses of the persulfate+ZVI and classical Fenton conditioning 
processes for the improvement of sludge dewaterability in an assumed WWTP with a 
population equivalent of 100,000a 
Parameters 
 
ZVI+persulfate 
conditioningb 
Classical Fenton 
conditioning 
(Fe(II)+HP)b 
Amount of WAS before and 
after conditioning (dry 
tonne/y) 
750 750 
ZVI powder ($/year) 8,400 Not applicable 
Ferrous chloride ($/ year) Not applicable 310,000 
HP ($/year) Not applicable 228,000 
potassium 
persulfate($/year) 374,000 Not applicable 
Total Cost ($/year) 
 
Total Saving with ZVI+HP 
conditioning ($/year) 
 
 382,400                   538,000 
 
155,600 
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a
 In the economic analysis, it was assumed that both kinds of conditioning processes had the 
same efficiency on the enhancement of sludge dewaterability (50%). The concentration of 
hydrogen peroxide (2.4g/L) and Fe(II) (2.4g/L) applied in classical Fenton conditioning was 
from Buyukkamaci (2004). 
bFor the classical Fenton methods, the Fe and hydrogen peroxide concentration were set as 
2.4g/L and 2.4g/L. For the persulfate+ZVI conditioning method, the ZVI and persulfate 
concentrations were set as 0.22g/L and 4g/L, the prices of ZVI, ferrous chloride, 50% 
hydrogen peroxide and potassium persulfate are $400, $600, $500,$700/tonne, respectively. 
7.4 Conclusions 
The feasibility of the improvement of waste activated sludge dewaterability by combined 
conditioning with persulfate and zero-valent iron under neutral condition was conducted 
through a series of batch tests. The sludge dewaterability can be improved significantly, with 
the capillary suction time reduced by up to 50% attained at 15 g/L zero-valent iron and 4 g/L 
persulfate. Compared to the Fenton reaction method, the conditioning by zero-valent iron and 
persulfate could recover the ZVI and save the total costs by approximately 30%. 
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Chapter 8  Conclusions and Future Work 
 
8.1 Main conclusions of the thesis 
Sludge conditioning is an important step to enhance the dewaterability of waste activated 
sludge. The conditioning process could facilitate the subsequent dewatering performance, 
thereby decreasing the volume of the waste activate sludge. In this thesis, a series of novel 
advanced oxidization techniques were used on sludge conditioning, and the sludge 
dewaterability was significantly enhanced during the process.  
The improvement of sludge dewaterability by the addition of hydrogen peroxide was 
investigated through a series of batch tests with full-scale WAS for the first time. The main 
conclusions are: 
• Under acidic conditions (pH=3.0), the dewaterability of WAS can be improved with the 
addition of hydrogen peroxide, likely due to Fenton reactions. The indigenous iron plays 
similar role as the externally added iron salts in improving sludge dewaterability. Sludge with 
high indigenous iron can sustain the Fenton reaction without a need for externally supplied 
iron. For sludge with relatively low iron concentrations, addition of iron salts will further 
improve the effectiveness of peroxidation.  
• The dewaterability improvement increases with increased amount of iron in sludge up to an 
iron concentration of around 50 mgFe/gSS, after which the improvement becomes 
independent of iron concentration. Similarly, it was found that the optimal hydrogen peroxide 
addition is in the range of 16-27mg/gSS. 
The feasibility of enhancing anaerobic methane production based on peroxidation pre-
treatment of WAS containing indigenous iron was investigated through laboratory BMP tests. 
The main conclusions are: 
• The indigenous iron activated peroxidation pre-treatment is effective in enhancing 
anaerobic methane production from waste activated sludge (WAS). 
• The indigenous iron activated peroxidation pre-treatment could improve the biochemical 
methane potential of the WAS, but could not significantly affect the hydrolysis rate. 
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The feasibility of the improvement of WAS dewaterability by combined conditioning with 
zero-valent iron and hydrogen peroxide at pH 2.0 was conducted through a series of batch 
tests with full-scale WAS. The key results are: 
• The waste activated sludge’s dewaterability can be improved significantly with the highest 
capillary suction time reduction rate of 50% attained at 500 mg zero-valent iron and 250 mg 
hydrogen peroxide per litre of sludge.  
• Compared to the Fenton reaction method, the zero-valent iron and hydrogen peroxide pre-
treatment process could recover the ZVI, and the total costs could be saved by over 90%. 
The role of extracellular polymeric substances during the sludge conditioning process by 
Fenton’s reagent was investigated through a series of batch tests, the key findings are: 
• The decreases of proteins and polysaccharides from extracted EPS after Fenton’s 
conditioning was less than the increases of soluble protein and polysaccharide from treated 
sludge, which was accompanied with the increase of dewaterability. The increased 
dewaterability was thus likely achieved through the destruction of both EPS (including 
loosely-bound and tightly-bound EPS) and cells by Fenton’s conditioning.  
• It was suggested that other mechanisms such as flocculation and oxidization of floc 
particles played a secondary role. 
The feasibility of the improvement of waste activated sludge dewaterability by combined 
conditioning with persulfate and zero-valent iron under neutral condition was conducted 
through a series of batch tests. The main findings are: 
• The sludge dewaterability can be improved significantly, with the capillary suction time 
reduced by up to 50% attained at 15 g/L zero-valent iron and 4 g/L persulfate.  
• Compared to the Fenton reaction method, the conditioning by zero-valent iron and 
persulfate could recover the ZVI and save the total costs by approximately 30%. 
8.2 Recommendations for future research 
Although some progresses have been achieved in the study on the improvement of sludge 
dewaterability by advanced oxidization process, further research is needed in order to convert 
the findings into practically applicable technologies. In particular, the following research is 
recommended: 
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•Although the results showed the observable enhancement of sludge dewaterability. Most of 
the results obtained in this study were obtained through batch tests. More optimization and 
pilot-scale tests should be carried out for the wider application of the advanced oxidization 
techniques in sludge conditioning. Pilot plant studies with continuous operation are required 
to verify the results and to demonstrate the potential of the methods as technologies. 
Furthermore, the recovery of the ZVI, as well as the application of new oxidization reagents, 
such as persulfate salts, could also contribute to the development of the future sludge 
conditioning process in WWTP, which could be a cleaner, safer and more effective process 
than its current condition. 
• CST has been used in this study as an indicator of sludge dewaterability due to the nature of 
the experiments. However, there are still some limitations of the CST as an indicator. For 
example, it could not show the amount of bound water directly. Thus, in the future pilot plant 
studies, more comprehensive indicators, such as the amount of bound water, dry solids, 
surface charge, should also be applied to assess the dewaterability.    
• In our study, although the role of extracellular polymeric substances in the sludge 
conditioning process by advanced oxidization was investigated, more fundamental research is 
still needed to understand the basic mechanisms of advanced oxidation conditioning 
processes. This can be done by investigating the reactions between the sludge flocs and 
hydroxyl radicals, and the morphological characteristics of the flocs after the advanced 
oxidization.    
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